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PREFACE 

The primary object which the author had in view in 
writing this book was to prepare a text-book for students 

f attending the first portion of his lectures on Materials 

cv and Structures; but he considers that the work may 

^ be found useful not only to engineering students in 

Technical Colleges and Universities, but also to those 

> engaged in the design of constructional iron and steel 

f\ work. 

^ The modem methods of determining the safe 

intensity of working stresses in structures have been 
considered in the first chapter, and have been employed 

^ more or less throughout the work. 

} The subjects treated in the various chapters have 

been considered as briefly as possible, and the numerous 
examples given are relied upon for more complete 
explanation. 

The special feature of the work lies in the various 
examples which illustrate the design of the most 
important classes of structures in iron, steel, and 
timber; these have all been selected from existing 
works. 

The author's experience in teaching has convinced 
him of the necessity of thoroughly illustrating the 
various princit)les underlying the theory and practice 
of construction, as a student is never certain whether 
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he understands these principles or not until he has 
attempted to apply them. 

The author has freely availed himself of the works 
of others, which he has endeavoured to acknowledge 
as far as possible throughout the work : but he is espe- 
cially indebted to the Proceedings of the Institution 
of Civil Engineers, the American Society of Civil 
Engineers, the Specifications of Mr. Theodore Cooper, 
M.Amer.Soc.C.E. ; the works of Professors Dubois, 
Burr, and Waddell; also to Mr. Hickson, M.Inst.C.E., 
Commissioner and Engineer-in-chief for Roads and 
Bridges, New South Wales, for drawings of the con- 
tinuous-girder road bridge, the swing bridge, and the 
hinged-arch bridge. 

Although the subject of foundations is at least as 
important as that of superstructures, it has only been 
treated briefly for pile trestle viaducts and cylinder 
piers. 

The author considers that the subject of foundations 
could be more conveniently dealt with in connection 
with a book on Engineering Construction in Brickwork, 
Masonry, and Concrete, which he hopes to write as soon 
as time will permit. 

In spite of the care which has been exercised in 
preparing this work, it is possible that in a first edition 
errors may have escaped detection; the author will 
therefore be thankful for any information as to errors 
in diagrams or calculations. 

Univbbsity of Sydney, 

Nbw South Walzb. 
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CHAPTER I. 

STRENGTH, ELASTICITY, ENDUBANCE, AND SAFE WOBEINQ STRESS 

IN IRON AND STEEL. 

The strength of a stracture, such as a roof or a bridge, depends 
not only upon its form and dimensions, but also upon the 
material used in its manufacture. The load or loads which 
a structure is designed to carry produce stresses in the various 
members, which may be tensile, compressive, shearing, and 
occasionally torsional; the stresses develop resistances in the 
material, which are generally accompanied by slight alterations 
in form, such as an elongation or shortening of the member in 
question. The elongation or compression, as the case may be, 
is termed the " strain," which must not be confounded with 
the stress producing it. The stresses produced in the various 
parts of a structure depend upon the form and dimensions of 
the structure and the loads which it carries ; but, in arranging 
the sections of the various members to resist the stresses 
developed in them, it is necessary to know the physical 
properties of the materials used, such as the tensile, shearing, 
and compressive strengths, elasticity, ductility, rate of expan- 
sion by heat, etc. In order to design a structure in an 
economical manner we require to know many other things, such 
as, in the case of wrought iron and steel, the ordinary and 
maximum sizes of plates and bars, and their relative cost ; how 
best to connect the various members together, so that they may 
have the necessary strength and otherwise fulfil their purpose 
efficiently ; what portions are best made of cast iron, and how 
such castings should be designed. If stone, brick, or concrete 
is used in the structure, such as for abutments and piers of 
bridges, it will be necessary to know how to dispose these 

B 
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materials to resist the stresses developed in them, and to limit 
the pressure on the foundations, etc. It is proposed to deal 
with the principles which govern the design of structures in 
iron, steel, and timber, and to work out examples in details of 
the most common of these, such as the engineer is frequently 
called upon to construct. 

In the first place, the strength and elasticity of iron, steel, 
and timber will be considered. Our knowledge of the physical 
properties of materials is derived chiefly from experiments 
made with the testing-machine, which at the present time, in 
some form or other, finds a place in every engineering laboratory. 
The most important testing-machines used in England and 
Europe are based on the constructive principle first adopted 
by Mr. David Kirkaldie — that, namely, of applying the load by 
water-pressure, and measuring it by means of weights and 
levers. In some of the larger testing-machines in America, 
and generally in smaller machines, spur-gearing and screws 
are used to apply the load. It should, however, be mentioned 
that a large and accurate testing-machine was designed by Mr. 
A. H. Emery for the Watertown Arsenal, in which the power 
is applied by means of a hydraulic press, supplied by a set 
of pumps driven by a steam-engine through an accumulator. 
The stresses are measured by scale-beams, to which they are 
transmitted through a set of diaphragms and cells contain- 
ing a mixture of alcohol and glycerine, and which operate 
as a frictionless reducing mechanism. The machine, once 
standardized, is said to be almost absolutely accurate. Its 
capability of recording accurately large and small stresses was 
shown when it was first used for breaking a bar of iron 6 inches 
in diameter, and afterwards a single horsehaii*. It has been 
since used for a variety of most valuable tests, which are 
recorded in the reports published each year by the United 
States Government. 

In using a testing-machine for the determination of the 
tensile strength, elasticity, and ductility of a specimen of metal, 
it should be accurately prepared to a suitable form, such as in 
Figs. 1, 2, and 8 ; the exact sizes, however, will depend upon 
the machine and the method of holding the specimen. 

If the specimen under consideration be iron, and it be 
desired to test the elasticity, it will be necessary to attach to 
it a piece of apparatus for measuring the small extensions 
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produced, such as a screw micrometer or Kennedy's extensometer, 
which latter consists of a light lever multiplying 100 to 1. On 
applying the load, it will be at once observed, if the apparatus 
be sufficiently delicate, that the specimen stretches, and that 
with a load of 1 ton per square inch the stretch will be about 
laoQo part of the length of the specimen under test. In 
Figs. 1, 2, and 8, which have a test length of 10 inches, the 
stretch would be ^h^ of an inch. With a load of 2 tons per 
square inch, the elongation will be -f^ of an inch ; and with 
8, 4, 5, 6, 7, 8 tons, the elongations will be 8, 4, 5, 6, 7, and 
8 times y^ of an inch respectively, and generally the elonga- 
tions are sensibly proportional to the loads producing them. 
In other words, the specimen is said to be perfectly elastic for 
these loads ; which is shown by releasing the pressure, when 
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the specimen springs back to its original length of 10 inches. 
But this so-called elasticity has a limit, which in wrought iron 
is about 12 tons, and in mild steel about 18 tons, per square 
inch, after which the elongations increase much more rapidly 
than the loads producing them, and the material behaves as if 
it were plastic until the specimen fractures, which generally 
occurs at from 20 to 24 tons per square inch for iron, and from 
24 to 80 tons per square inch for mild steel ; the elongations 
at the point where the material apparently ceases to be elastic 
being about yqo of an inch, whereas the total elongation at 
fracture will be from 1 to 1^ inch for ordinary iron, and from 
2 to 8 inches for mild steel, measured on a length of 10 inches. 
The apparatus used for measuring the small elongations is 
removed after the elastic limit has been determined, otherwise 
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it might be injured when the specimen fractures. The ductility 
of the specimen is measured by the total percentage of elonga- 
tion, and the percentage of contraction of the fractured area. 

The term " modulus of elasticity " is used to denote the 
result found by multiplying the stress per square inch by the 
original length of the specimen, and dividing by the elongation. 
Thus it has been stated that a stress of 1 ton per square inch 
will produce an elongation of itW of an inch on a length of 
10 inches, which gives the modulus of elasticity 26,880,000 lbs. 
per square inch.* The modulus of elasticity may also be 
defined as the ideal stress which would be capable of stretch- 
ing a perfectly elastic bar to double its length; it may be 
calculated from the following formula : — 

where E = modulus of elasticity. 

W = the load producing the elongation L 
L = the original length of the specimen. 
h = the area of the specimen. 
This is Toung's modulus, or the coefficient of direct elasticity. 
The coefficient of transverse elasticity is derived from experi- 
ments on loaded beams, and will be referred to in connection 
with the deflection of beams. The modulus of elasticity is an 
important factor in all calculations where the stress is deter- 
mined from the strain, and it will be used in connection with 
the deflection of beams, continuous girders, and arched ribs. 
For its exact determination, very delicate instruments are 
necessary ; ^ the same remark applies to the determination of 
the elastic limit, which will now be considered more closely. 
The method described for testing a piece of iron or steel and 
determining its so-called elastic limit is that usually adopted 
in the commercial testing of materials ; what is really found is 
better defined as the '' yield-point.'* It is well known that the 
yield-point can be raised by mechanical means, that the applica- 
tion of a stress greater than the yield-point raises the yield- 
point, and that it may be artificially raised almost to th^ 
breaking-point. With very delicate instruments a permanent 
set is observable with stresses well within the yield-point, and 
the stress fixed upon as the elastic limit depends upon the 

* See Unwin, " The Testing of the Materials of Construction.*' 
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delicacy of the instruments used in determining it. The stretch- 
ing of a bar within the yield-point consists partly of an elastic 
extension and partly of a permanent set, and it is this 
permanent set which makes it so extremely difficult to determine 
the true elastic limit. 

Professor Bauschinger has shown that these artificially 
raised yield-points are extremely unstable, and may be lowered 
considerably by hammering the test-bar on the end and reload- 
ing it ; and that, moreover, the yield-point cannot be raised in 
tension without at the same time lowering the yield-point in 
compression. When a bar is subjected to stresses alternating 
between tension and compression the elastic limit cannot be 
raised, and the yield-point settles down to the true limit of 
elasticity. Professor Bauschinger further points out that 
ordinary materials of construction have their yield-points 
artificially raised in the process of manufacture, and proves by 
a most elaborate series of experiments that the true elastic 
limit — which he still defines as the stress beyond which the 
strains cease to be proportional to the stresses producing them 
— can be correctly ascertained by first subjecting the bar to 
a series of stresses alternating between tension and compression ; 
the limit then decreases to a value not differing appreciably in 
tension and compression, and below the initial elastic limit or 
yield-point. The elastic limit found in this way is about B 
tons for wrought iron, and 9^ tons for mild steeL The stretching 
which occurs at the yield-point for hard and soft steels does not 
differ materially, from which it is inferred that hard and soft 
materials may be relied upon to work together in a built-up 
structure, under ordinary working stresses. The same has 
also been observed in the case of iron. 

It is very desirable, in all important tests of materials, to 
have a record automatically registered by the machine itself ; 
such an apparatus is called an autographic stress-strain 
apparatus, because it draws a diagram which shows the strain 
produced by stresses which vary from nothing to that required 
to break the bar. Various forms of this apparatus exist, but 
the one designed by Professor Kennedy produces very perfect 
diagrams, although it is not the most convenient to handle. 

The form of the diagram for a piece of mild steel is shown 
in the woodcut. Fig. 4, from which it will be seen that the 
extension produced by a given load is represented as an abscissa. 
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while the load itself is represented as a curved ordinate. The 
diagram represents the behaviour of the specimen during the 
test^ and shows clearly the limit of elasticity, the maximum 
load, and the elongation. The curve not only indicates the 
yield-point, and the amount of extension which occurs at this 
point, but it is seen by inspection that the local extension 
which occurs at the breaking-point is measured by drawing 
ordinates at the commencement and termination of the curve 
drawn during the time that the specimen is undergoing local 
extension. Again, the area of the diagram represents the gross 
mechanical value of the material, as it represents the work done 
in breaking the bar, which of course depends upon its breaking- 
strength and ductility. 
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The principle of the apparatus is as follows : The test-piece 
is placed in the machine with a stronger bar, which is called a 
spring-piece. The material of this bar must be ascertained by 
previous experiments to be perfectly elastic, so that its extensions 
are strictly proportioned to the pull on the test-piece; and^ 
moreover, it should be of such an area that its limit of elasticity 
occurs only at a load greater than that which will break the 
test-piece. By a simple arrangement a very light pointer is 
made to swing about an axis through an angle proportional to 
the pull on the test-bar. The end of this pointer in its motion 
always touches a piece of smoked glass, to which is given a 
travel in its own plane proportional to the extension of the test- 
piece. In this way the diagram is drawn. After the test the 
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glass is varnished to fix the blacky and the necessary par- 
ticulars about the test are written on it with a scriber. 
The glass is then used as a negative^ and copies produced by 
photography. 

Professor Unwin's autographic stress-strain apparatus con- 
sists of a revolving drum, whose angular displacement is pro- 
portional to the position of the poise-weight which denotes the 
load on the specimen. The extension produced by the load is 
recorded by means of a wire passing over pulleys and connected 
with the test-piece; a pencil attached to this wire draws the 
diagram. 

Mr. Wickstead and others, including the author, have 
devised autographic apparatus which, like Professor Unwin's, 
show the limit of elasticity, ultimate strength, and total ex- 
tension ; but the portions of the diagrams recorded by Kennedy's 
apparatus from a to & and c to d^ Fig. 4, is much more perfect 
than in any of the others. 

It is well known that the form and dimensions of the test- 
piece have a very marked effect upon the results obtained in 
testing (see Hackney, " Forms of Test-pieces," Proc. Inst. C.E., 
vol. 76). High percentages of elongations may be obtained 
from short or thick test-pieces ; long and thin test-pieces give 
much lower percentages of elongation for the same material. 

The tests intended to govern the quality of the material for a 
particular purpose will next be considered. 

In testing wrought iron and steel intended to be used in 
engineering construction, it is at least necessary to determine 
the strength and ductility. The ductility is usually ascertained 
by measuring the percentage of elongation in the manner 
already described, or by the percentage of contraction of the 
fractured area. The contracted area is measured most con- 
veniently by means of micrometer callipers. The strength 
alone, as first pointed out by Mr. Eirkaldy, is no indication 
of the quality of the material. '' A high breaking-strength may 
be due to the iron being of a superior quality, dense, fine, and 
moderately soft, or simply to its being hard and unyielding. A 
low breaking-strength may be due to looseness and coarseness 
in the texture, or to extreme softness, although very close and 
fine in quality. The contraction of area at fracture forms an 
essential element in estimating the quality of a specimen, and 
by comparing the breaking-strength with the contraction of area 
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at fracture the respective merits of various specimens can be 
correctly ascertained." 

The contraction of area can generally be measured with 
sufficient accuracy in round specimens, but in the case of flat 
specimens, especially very broad, thin strips, it cannot be 
measured with sufficient accuracy; and when the fracture is 
oblique, which is often the case, the difficulty is increased. The 
contraction of area is also largely influenced, as stated by 
Professor Unwin, by local conditions of hardness and homo- 
geneity at point of fracture. 

It is in consequence of the difficulty in measuring accurately 
the contraction of area at fracture, that many competent 
authorities have advocated its omission, in specifications of tests 
of materials, in favour of elongation ; but here also a difficulty 
exists. The elongation consists of two parts — namely, general 
and local. The general extension in a specimen continues so 
long as it offers increased resistance to the force producing it, 
and is proportional to the length of the specimen ; but the local 
extension commences after the general extension has ceased, 
and is most decided in all ductile materials, such as steel. It 
is confined to the portion immediately adjacent to the fractured 
area. The local extension is, in fact, proportional to the con- 
traction of area of the specimen. 

Although it is usual to measure the total extension on a 
specimen, and to express it in percentage of length, the more 
scientific way, which has been suggested by Professors Unwin, 
Barba, and Wickstead, is to separate the general extension from 
the local. 

Mr. Wickstead described, at the meeting of the British Associa- 
tion for 1890, a method of doing this from the autographic record, 
and recommended a column in the test-sheet of '' Percentage of 
General Extension," in addition to the usual columns — ^namely, 
'^ Percentage of Contraction of Area," and '' Percentage of Total 
Extension." The local extension can then be expressed by sub- 
tracting the general extension from the total extension. 

The local extension is seen by dividing the test-piece before 
testing, over the length of say 10 inches, into ten equal parts, 
each 1 inch long ; the elongation remeasured after testing will 
be much greater on the 2 inches or 8 inches which include the 
fracture than over equal lengths measured on the remaining 
portion of the 10 inches. 
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Figs. 5 and &a show a bar 80 inches long, 
divided into thirty equal parts, with the re- 
measured lengths after testing. Here the local 
extension is very decided. 

In autographic stress-strain diagrams, such 
as those produced by means of Professor 
Kennedy's apparatus, the local extension is 
easily separated from the general extension; 
and when this is done it is possible to 
eliminate the effect of different proportions in 
regard to the length and area of cross-section, 
on the percentage of total extension. 

The ductility of a specimen can also be 
ascertained by bending round a bar of given 
radius. But here, again, the proportions of 
the test-piece exercise a decided influence on 
the angle bent through before fracture, which 
measures the ductility. 

In order to secure a suitable material for 
railway axles, it is usual to specify, in addition 
to the ordinary tests for tensile strength and 
ductility made on specimens cut from the axle, 
that the axle itself should be tested to destruc- 
tion by a series of blows produced by a falling 
weight, the axle being reversed after each blow. 
The results of the drop-test — ^which this test is 
called — on axles, when the experiments are care- 
fully conducted, give a fairly close approximation 
to the endurance which may be expected from 
similar axles under the conditions existing in 
ordinary railway practice. The French make 
use of the drop-test, not only for axles, but for 
small samples of the materials used in the 
construction of guns. 

In general it may be stated that the con- 
ditions under which a given material is tested 
should conform as nearly as possible with those 
existing in the structure, machine, rail, tire, 
axle, or gun of which it forms a part. 

Cast Iron. — There is no definite modulus of 
elasticity for cast iron ; its apparent modulus 
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is about the same in tension and compression, and varies from 
about 5000 to 6000 tons per square inch. 

The tensile and compressive strengths depend upon its 
chemical composition and specific gravity, the best irons con- 
taining more combined carbon and manganese, and less graphite, 
silicon, and phosphorus. Professor Thurston gives the following 
figures for the tensile strength of good iron : — 

Table I. 

Tenacity op Good Cast Iron. 



1 



|.. . I Tenacity in tons 

I per Bqoare Inch, 



Good pig-iroQ 
Toap:h cast iron 
Hard cast iron 
Good tough gun-iron 




Specific gravity. 



710 
722 
7-28 
7-25 



Professor Unwin considers that the tensile tests give much 
better indications of the quality of the material for structural 
purposes than do the compressive tests.^ 

Professor Thurston states that the best castings will have a 
maximum resistance to compression when the specific gravity is 
sUghtly greater than that which gave the highest results in 
tension. The resistance to compression of ordinary cast iron 
varies from 88 to 48 tons per square inch. Professor Thurston, 
however, states that cast iron for ordinary work, if subjected to 
compression, should have a specific gravity of 7*26 to 7*28, and a 
compressive strength of 70 tons per square inch. 

In order to secure a suitable material for cast-iron girders, it 
is usual to specify that test-bars 1 inch wide by 2 inches deep 
should, when supported at points 8 feet apart, bear a central 
load of from 2500 to 8600 pounds ; the mean value, 8000 pounds, 
will represent the average quality. The deflection at the point of 
fracture should be not less than ^ of an inch. The resistance 
of cast iron to shearing is probably about 5 tons per square inch. 

Wrought Iron and SteeL — The following table is taken from 
Professor Unwin's ''Elements of Machine Designs," pp. 40 and 
41:— 



^ " Materials of Engineering " (Thurston). 
' ** Materials of Construction '* (Unwin). 
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The following table is given to show what tests may be 
specified for wrought iron : — 

Table III. 

Showinq Stbekoth and Ductilitt or Iron. 



Description of materiAl. 



Bazs^rounds, squai-es, and flats 
Angles, T's, and channels 
Plates } to I inch thick testedli 

along the fibre / 

Plates i to I iooh thick tested^ 

across the fibre ... .../ 

Bars — rounds, squares, and flats | 
up to 4 square inches sec-> 
tionalarea ) 

Angles, T's, and channels 

Plates i to i inch thick tested]! 
along the fibre / 

Plates i to i inch thick tested^ 
across the fibre / 

Bars^-rounds, squares, and flats j 
up to 4 square inches sec-V 
tionalarea | 

Angles, T's, channels, and otheri 
sections / 

Plates from } to | inch thick\ 
tested along the fibre ...j 

Plates from i to | inch thick\ 
tested across the fibre ...j 



Tensile 
strengtli in 

tons per 
squArein. 


Elongation 
on 10 in. 
percent. 


Contnction 

of area at 

fracture 

percent. 

20 
18 


22 to 23 
22 


9 
10 


21 


10 


10 


18 


3 


5 


23 to 24 


18 to 22 


22 to 25 


22 


10 to 12 


20 


22 


10 


12 


18 


4to5 


6 


23 to 24 


25 to SO 


30 to 40 


23 


15 


30 to 85 


22 


12 


15 to 18 


18 to 19 


7 


7J 



RemarlcB. 



Equivalent to <« best" 
Staffordshire iron, 
suitable for ordi- 
nal girders, tanks, 
and the cheapest 
bridge work. 



Equivalent to '*best 
best" Staffordshire 
iron, suitable for 
railway bridges and 
roofs. 



Equivalent to treble- 
best Staffordshire 
iron, suitable for 
ndlway draw-bars, 
centre chains, and 
best smith's work, 
chain cables. 



The elongations per cent, measured on 8 inches would be 
slightly greater for reasons already given. 

Treble-best plates about 4 feet wide and from 10 to 12 feet 
long will show the same strength when tested across the fibre for 
thicknesses varying from | to 1 inch ; the ductility, however, as 
measured by the contraction of area, wiU vary from 18 to 6 per 
cent, with the fibre, and from 9 to 3 per cent, across the fibre. 
Wide plates show greater strength and ductility when tested 
across the fibre than narrow plates. 

The best Yorkshire brands of iron plates, which are superior 
in uniformity, ductility, and homogeneity to the treble-best 
Staffordshire, give 22 tons tensile strength and 20 per cent, 
contraction of area when tested with the fibre, and 20 tons 
tensile strength and 12 per cent, contraction of area across the 
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fibre, proyided that the plates tested are from 6 to 10 feet long, 
and from 3 to 5 feet wide. Longer and narrower plates give 
higher results when tested along the fibre, but lower results 
when tested across the fibre* Yorkshire iron is largely used for 
manufacture of rivets, railway axles, and superior smith's work ; 
it gives excellent results when subjected to cold bending or to 
the drop-test. 

The British Admiralty cold and hot forge tests for ductility 
are perhaps the most elaborate. They are as follows : For plates. 
The portion of the plates to be tested in both hot and cold tests 
to be 18 inches by 10 inches, cut both along and across the 
fibre, and bent on a cast-iron slab having a fair surface, and an 
edge at right angles, with the corner rounded off to half an inch 
radius. The plates should be bent at a distance of from 3 to 
6 inches from the edge without fracture through the following 
angles : — 

Hot-forge tests for double-best iron, 120^ with the fibre, and 
100^ across the fibre ; for single-best iron, 90^ with the fibre, 
and 60^ across the fibre. 

The plates must bend cold through the angles given in the 
following table, according to the thickness : — 

Table IV. 

GOLD-FOROE TeSTB. 



Thlcluiera of 
plate in inches. 



1 

I 



i 



First cIms, or doable-best. 



With the fibre. 



Across the fibre. 



Second dsss, or single-best. 



With the fibre. 



Across the fibre. 



Through an angle of 



Through an angle of 



Degrees. 



Degrees. 



Degrees. 



15 ' 


5 


10 




15 


5 


10 




20 


7* 


15 ! 


— 


20 


7* 


15 




22} 


10 


17} 


5 


25 


10 


20 


5 


27i 


12} 


22} 


7} 


30 


12} 


25 


7} 


35 


15 


30 


10 


42} 


17} 


37} 


12} 


50 


20 


45 


15 


60 


25 


55 


17} 


70 


30 


65 


20 


90 


40 


75 


30 
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The Admiralty standard for best and best-best is about 
equivalent to the Staffordshire. 

The hot-forge test for angle-iron requires that it should be 



bent thus : 




O U 



and flattened thus: ^^^^m^ and the end bent over 

thus : ™^5^5 

The cold-forge test requires that it should be notched and 
broken across cold to show the quality of the iron, and that one 
flange should be cut off and bent cold to show the quality of the 
fibre. 

T-iron should be tested hot by being bent thus : 



V <p 




The cold-iorge tests are the same as for angle-iron. ' 

For bulb-iron the hot-forge test requires that the bulb should 

be cut off, and the web bent across the grain thus : 

For the cold-forge test, the bulb should be notched on one 
side and broken cold to show the quality of the fibre. 

Angle bulb-iron should be tested hot by cutting off the bulb 
and testing the remainder in the same manner as angle-iron ; 
and the bulb should be notched on one side and broken cold to 
show the quality of the fibre. 

T bulb-iron should be tested after the bulb has been cut off 
in the same manner as T-i^on, and the bulb should be tested in 
the same manner as in angle bulb-iron. 

Channel-iron should be tested hot by being bent thus : 




and one of the flanges should be cut off and bent cold ias in the 
test for angle-iron. A sample should also be notched and 
broken cold to show the quality of the fibre. 

The following are the British Admiralty tests for mild steel 
plates, beams, angles, bulbs, and bars. Strips cut lengthways 
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or crossways to have an ultimate tensile strength of not less 
than 26 and not exceeding 82 tons per square inch, with an elon- 
gation of 20 per cent, measured on a length of 8 inches ; the 
beam, angle> bulb, and bar steel to withstand such forge tests as 
may be sufficient to prove soundness and fitness. Strips cut 
lengthways or crossways, Ih inch wide, heated uniformly to a 
low cherry red, and cooled in water at 82"^ Fahrenheit, must 
stand bending in a press to a curve of which the inner radius is 
one and a half times the thickness of the steel tested. The 
strips for bending should be planed on the edges, and the sharp 
edges taken off. 

The percentage of elongation in the Admiralty test might just 
as well have been measured on a length of 10 inches. Bivet- 
steel, being softer and more ductile, may be taken at.between 24 
and 30 tons per square inch for tensile strength, and 25 per 
cent, elongation. The steel used in the construction of tension 
members in the Forth Bridge was specified to have a strength of 
from 80 to 83 tons, with 20 per cent, elongation ; for tubular 
columns and struts, the steel was specified to have a tensile 
strength of from 84 to 87 tons per square inch, and an elonga- 
tion of 17 per cent. The elongations were specified to be 
measured on 8 inches. 

Working-itreM and Factor of Safety. — ^Woildng-stress signifies 
the intensity of stress — generally expressed in tons per square 
inch — to which a piece of material may be subjected without 
ceasing to fulfil its purpose efficiently under the conditions on 
which the stresses are applied. 

The factor of safety is the ratio of the ultimate strength to 
the working-load. Sir William Fairbum proved that a riveted 
girder, loaded to one-third of the load which would have broken 
it if gradually applied, failed after 818,000 applications of this 
load. 

The experiments of Herr Wohler and Professor Spangenberg 
demonstrate the following law, known as '^ Wohler 's Law : " 
''Bupture may be caused, not only by a steady load which 
exceeds the carrying-strength, but also by repeated applica- 
tions of stresses none of which are equal to this carrying- 
strength. The difference of these stresses are measures of 
the disturbance of the continuity, in so far as by their increase 
the maximum stress which is still necessary for rupture 
diminishes." 
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Professor Bauschinger has made a long series of experiments 
\i^hich confirm those made by Herr Wohler. Professor Ban- 
schinger's experiments are the most valuable on this subject 
which have ever been made, and the results are summarized in 
Table V. 

In England, Sir B* Baker has made various experiments which 
also confirm Wohler's original experiments. For example, he 
found that when a shaft was loaded with one-half its gradually 
applied breaking-weight, and set rotating, about five thousand 
reversals of stress produced fracture. He mentions an experi- 
ment with a bar of cast iron loaded with a weight which, 
according to Fairbaim's experiments, it should have carried 
for a long series of years, broken in two minutes when set 
gently rotating ; also, a bar of fine tough steel so changed in 
constitution at fracture after a few months' rotation as to offer 
no advantage over a new cast-iron bar of the same section. 
Sir B. Baker has proved, by experimenting on flat bars of 
steel by repeatedly bending them, and subsequently test- 
ing them in direct tension and direct crushing, that the 
effect of repeated stresses is more prejudicial in tension than 
in compression. 

The change which a piece of material undergoes when sub- 
jected to repeated stresses has been termed ^'fatigue." It is 
most marked in the case of stresses alternating between tension 
and an equal compression, as seen in the fracture of railway 
axles. 

The strength of a piece of material when subjected to a 
gradually applied load, as in a testing-machine, is termed its 
'* statical strength." When subjected to a load which is entirely 
removed before being reapplied, the load which will ultimately 
break the piece is termed its '* primitive strength." When sub- 
jected to stresses which alternate between tension and an equal 
compression, the ultimate breaking-stress is termed its ** vibrat- 
ing-strength." Approximately, the vibrating-strength is to the 
primitive is to the statical as 1 is to 2 is to 8. 

The values of the strengths for a variety of materials are 
recorded in Table V. 

Several methods have been proposed which have for their 
object the representation of the results of the experiments made 
by Wohler and Bauschinger, and their extension to the various 
ranges of stress which occur in engineering practice, among 
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which may be noticed Gerber's parabola. If the ranges of 
stress given in Table Y. are plotted as ordinates, and the 

Table V. 

Bau8obimoeb*8 Endubanoe Tests. 
8tre98e$ requiring fifteen miUion repetitioM to cau$e frcusture. Tons per square inoh. 





Opposite streesea. 


One stress sero. 


Similar stresses. 


Bangs 


MAfcerlAl 












TTIMmatA 
















staUcal 




Least. 


Greatest. 


Least. 


Greatest. 
181 


Least. 


Greatest. 


strength. 


Wronght-iron plate 


- 715 


+ 7-15 





11-4 


19-2 


22-8 


Bar iron ... 


- 7-85 


+ 7-85 





14-4 


13*8 


2202 


26*6 


Bar iron i 


- 8-65 


+ 8-65 





15-75 


18-2 


21-92 


26-4 


Bessemer mild-steel j 
















plate ... ... 1 


- 8-55 


+ 8-55 





15-7 


14-3 


23-8 


28*6 


Steel axle 


-10-5 


+10-5 





19-7 


200 


321 


40*0 


Bteel rail i 


- 9-7 


+ 9-7 





18-4 


19-5 


30*85 


390 


Mild-steel boiler plate 


- 8-65 

1 


+ 8-65 


6 


15-8 


13-8 


22-55 

1 


26*6 



LlUITS OF StBESS FBOM WoHLEB*S ENDUBANOB-TlflT. 

Stresses in tons per square inch for which fraeture occurs only after an indefinitely large 

number of repetitions. 



Wronght-iron plate ... 

Krapp's axle steel ... 

TJntempered spring 

sieei ... • . • 



- 8*6 
-14-05 


+ 8 6 
4-14*05 






15-25 
26*5 


12-0 
17-5 


20-5 
37-75 


-13-38 


+13*38 





26*5 


12-5 


34-75 



22-8 
52*0 

57-5 



minimum stress as abscissse, the points fall on a parabolic 
curve, which Professor Unwin expresses thus : 

Let / max. and / min. denote the limits of stress, and A the 
range of stress ; then — 

A =/max. q:/min. 

The upper sign is to be taken when the stresses are of like 
kind, and the lower sign when they are of opposite kind, as in 
alternating stresses . Let / denote the statical breaking-strength ; 
then the equation to Gerber's parabola is — 



(/min.+|) + AA =/ 



If the statical strength / be known, and the value of / min. 
and / max. for any range of stress at which the bar stands 
a practically unlimited number of repetitions before breaking, 
then h can be determined, and the limits of stress for all 
conditions of loading can be calculated. The parabolas are 
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dravn from the above eqaation, using the resnlts rflcorded in 
Table V. 

Soon after Wohler's resalta were pnblished, FrofesBor Lann- 
hardt published a formula which applies to the oases in which 
the stresses are either tensile or compressive, which may be 
represented as follows : — 

Let h denote the breaking-strength. 
9 „ ,, statical strength. 
p „ ,, primitive strength. 

Then ft = p + (« - p)t^-' 
/max. 

If, in the end lattice-bar of a bridge, the stress produced b; 



Fin. «.~W9talpr'iuid BiDKhlDger'i < 



the live load were nine times the stress prodaoed by the dead 
load, then — 

/min. 

/max. ~ ^ 

and, nsing the results given in Table V. for wrotight iron, we 
have — 

b = ISaO -I- (22-8 - I3-l)T»ff = 14-07 tons 
so that 14-07 tons is the ultimate breaking-strength of the bar ; 
and, if the working-stress be taken at 4-69 tons per square ineh, 
the factor of safety is — 

14-07 „ , ^ 22-8 , „ 
T^=3Mt — =4-6) 
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In order to meet the cases which include stresses alternating 
between tension and compression, Professor Weyrauch proposed 
the following formula, in which the vibrating-strength is denoted 
byi?— 

, , , max. B 

max. x>i 

If the greatest tension on a bar be 5 tons, and the greatest 
compression 10 tons, then — 

max. B _ 5 _ 1 
max. l>i 

and, using the same material as before, we have — 

h = 13-10 - (13-10 - 7-15)1 = 10-125 tons 

and the factor of safety, with a working-stress of 3*375 tons per 
square inch, is — 

10125 22-8 

= 3 (not — - = 6-4) 

3-375 ^ 3-375 ^ 

The effect of '* fatigue " is considered to be purely local, as 
it is not possible to discover any change in strength, elasticity, 
or ductility in material which has been fractured in this way, 
by retesting it in the ordinary way by means of the testing- 
machine. 

There is no difference in the results obtained from testing 
specimens cut from an axle broken in ordinary use, or by 
means of the drop-test, than would be obtained from testing 
specimens cut from the axle when new. Betesting specimens 
cut from old structures does not show any measurable change 
in the material. It is known, however, that the fracture of 
specimens by repeated stresses in Wohler*s machines and that of 
railway axles from the fatigue and impact occurring in ordinary 
work are short and crystalline, showing no sign of ductility ; 
hence the reason given by Professor Unwin, that fatigue is 
primarily a loss of power of yielding in the particles near the 
plane of weakness at which fracture occurs. There is, however, 
no evidence to show that materials which were originally fibrous 
and ductile may become granular and crystalline when subjected 
to such conditions as exist in a railway axle, excepting in the 
plane of the fracture itself. 

As stated by Eirkaldie, the crystalline appearance appears 
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to be due to the fibres being broken at right angles to their 
length, whereas in a gradual fracture time is given for the fibres 
to stretch. 

The question naturally arises whether the phenomena ob- 
served in the Wohler-Bauschinger tests are due to fatigue or 
impact, or to both these causes combined. We are certainly 
not able to assert that the impact of the load did not contribute 
to some extent in causing the bars to fail with a reduced load. 

It is known that the sudden application of a load to a beam 
produces, for an instant only, twice the deflection as the same 
load applied gradually. The deflections of railway bridges with 
live loads passing over them are about 20 per cent, greater than 
with the same load standing on the bridge. The bridge appears 
to recover from the first effect of the live load as it advances 
and covers the whole bridge, but the dynamic effect is, however, 
most probably much greater than 20 per cent., as this only 
includes the average of the vertical movements, some of which 
may exceed this amount, while others may be less, while the 
horizontal vibrations are not included at all. 

If we apply the Wohler-Bauschinger results to railway bridges, 
we may imagine trains to pass over them in rapid succession 
without appreciable impact or friction, and, if the results are to 
form the basis of the determination of working-stresses, without 
a separate allowance for impact, we must assume that the 
millions of repetitions in these experiments are about equivalent 
to the effect of impact and the slower repetitions of stresses 
which occur in railway bridges. 

The rule which stUl exists in the regulations of the British 
Board of Trade for railway bridges is simply to limit the working- 
stresses in iron to 5 tons per square inch in tension and 4 
tons in compression. For steel the limiting stress is 6jt tons. 
No account is taken of the variable range of stress or of impact. 
The rule obviously gives excessive strength for those parts of a 
bridge where the range of stress is small, as in plate web box- 
girders of 160 feet span, while it would be dangerous if applied 
to those parts of structures where both the range of stress and 
the impact are large, as in the longitudinals, floor beams, 
suspenders, and other members of bridges liable to sudden 
loading. 

In America and Europe, and to some extent in England, 
the practice is to make the working-stress depend upon the 
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range of stress, or upon the impact, or both these causes 
combined. Thus in the New York Elevated Baibroad the flanges 
of the girders were designed for a stress of 8*6 tons per square 
inch, the web bracing for 8*4 tons per square inch, and for 
members subjected to alternating stresses a stress of only 2 tons 
per square inch was allowed. 

In the numerous elaborate specifications which have been 
written by American engineers to govern the design of important 
railway bridges,^ rules are given for limiting the intensity of the 
working-stresses in various parts of the structure more or less 
in accordance with the impact which they are likely to sustain 
and the results given in Table Y. The following table was 
prepared by Mr. J. A. Macdonald, engineer for bridges, New South 
Wales, for general office use in connection with the design of 
highway bridges ; it gives the ultimate breaking-strength for 
various ranges of stress as given by Launhardt's and Weyrauch's 
formulae. 

Table VI. 

Stbenotu or Wbouoht Ibon undeb Yabting Stbbss fob Ibon baying 

A Statical Stbenqth of 21 Tons. 



When 

max. 


= 10. 


ultimate strength 


= 201 tons 


per sq 


» 


0-9 


9f 


19-4 


»> 


»» 


0*8 


» 


18-7 


i» 


ff 


0-7 


»» 


181 


» 


>t 


0-6 


>* 


174 


w 





0-5 


*« 


16-7 


»1 


»» 


0-4 


»» 


161 


» 


11 


0-3 


It 


15-4 


r» 


;i 


0-2 


i» 


14-7 


» 


»f 


01 


•f 


141 


»♦ 


♦» 


0-0 


>l 


13-4 


ft 


»» 


-01 


H 


12-7 


»» 


»♦ 


-02 


»» 


120 


»t 


»» 


-0-3 


»« 


11-4 


f» 


«» 


-0-4 


»f 


10-7 


f> 


»» 


-0-5 


1) 


10-0 


M 


»» 


-0-6 


M 


9-4 


» 


f* 


-0-7 


n 


8-7 


»» 


*♦ 


-0-8 


*> 


80 


f« 


♦♦ 


-0-9 


n 


7-4 


M 


»» 


-10 


M 


6-7 


tf 



Note. — Ordinary factor of safety = i. 

Similar tables could be prepared, if thought desirable, for 
mild steel. 

The working-stress for cast iron may be taken as follows, 

if the statical strength is taken as 10 tons per square inch : — 

* Mr. Theodore Cooper's specifications, for example. 
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For a dead load, 2*60 tons per square inch. 

For a live load, 1*20 tons per square inch. 

For alternating stresses equal in amount, 0*83 tons per 
square inch. 

Intermediate cases may be treated in the same way as for 
wrought iron and steel. 

Launhardt's and Weyrauch's formulae may be expressed in 
a more simple manner thus — 

(min.\ 
1+4 ) constant 
max./ 

Some American engineers use this form of the formula for 
determining the working-stresses in bridges, including both 
fatigue and impact ; thus for wrought-iron eye-bars — 

Intensity of working stress in pounds per square inch 

= 10,000(1 + i5?iB:) 
\ max./ 

Others allow more for the impact of the live load, and use 
the following formula : — 

Intensity = 760of 1 + 5^^) 

\ max./ 

In the new regulations ^ issued by the French Government 
for ensuring the safety of bridges, the following rules are 
given for determining the admissible stresses in the various 
members. 

The maximum allowable stress for wrought iron in tons per 
square inch is — 

Intensity == 3*81 + l-O^^' 

max. 

This may be written — 



6 = 3*8lfl+i— -) 



max. 
For steel — 

Intensity = 6*08 -f- 2*54 = 5*081 1 + i ) 

max. \ max./ 

By taking account of the change of sign when the stresses 
change from tension to compression, the above rules will, accord- 
ing to the new regulations, be applicable to members subject to 
alternating stresses. 

' Enqineeringt January 5, 1892. 



CHAPTER n. 

STBENQTH AND ELASTICITY OF TIMBER. 

The strength and elasticity of timber is largely influenced by a 
variety of circumstances, such as the climate, kind of soil, whether 
grown on mountain ridges or on low-lying ground, the time 
when the tree was felled, the age of the tree, the seasoning, etc. 
A much greater variation is observed in the results of testing 
timbers than occurs in the case of iron and steel, and timbers 
of the same name dijBfer widely in their physical properties. In 
testing timber it is well known that specimens of large scantling 
give much lower results than specimens of small scantling, 
which latter, however useful they may be in showing the 
relative values of different timbers, are of very little value in 
furnishing data for application to large-sized scantlings. 

In testing timber in tension it is very difficult to get trust- 
worthy results with soft woods, and the shoulders of the specimen 
held in the shackles of the testing-machine must be, according 
to Professor Lanza, at least five times as long as the length 
under test in order to prevent shearing along the fibre, even 
when the stress is applied axially, and then considerable lateral 
pressure must be applied to the portions held in the shackles. 
The sectional areas of the pieces tested by Lanza were about 
one square inch. Tensile tests of timber are of very little 
practical value, as the timber more frequently fails by transverse, 
compressive, or shearing stress, as they are less than that 
required in tension. The author has tested nearly all the 
varieties of Australian timbers in tension, but these are hard 
woods, and may be tested by preparing them to a similar form 
to that generally used for testing round specimens of wrought 
iron and steel. The average result of testing red pine and 
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spruce in tension from specimens cut from the circumference 
and heart of the tree is about 10,000 lbs. per square inch, 
while most of the Australian timbers exceeded 20,000 lbs. per 
square inch. There is no defined modulus of direct elasticity 
for timber, the slight stretching which occurs being exceedingly 
irregular. 

Compressive Strength and Elasticity. — The compressive 
strength of timber is useful not only in designing timber 
compression members in a structure, but, according to Professor 
Bauschinger, in determining the quality of the timber, and the 
influence of seasoning, of the time of feUing, and other circum- 
stances of its growth, as the tests are easily made and the 
results trustworthy. He recommends that prisms one and a 
half times the length of the side should be properly cut from 
the various parts of the tree to give a true average, and then 
tested at a standard dryness, which he fixes as 15 per cent, of 
moisture. 

Professor Lanza ^ has tested a large number of American 
timbers of large scantling in 12-feet and 2-feet lengths, of 
circular and rectangular sections, with the results that the 
columns all gave way by direct crushing, the strength of the 
columns being found, in the proportions experimented upon, by 
multiplying the sectional area by^ the crushing strength, the 
lateral deflections observed bein^ too small to exert any 
appreciable effect. The averages of these experiments ate as 
follows : — 



Table VII. 



Sectioiua area 
Name of timber. ^ In square 

tncbee. 


Ultimate strength 

in pounds per 

square inai. 


Modulus of elas- 
ticity In pounds 
per square inch. 


Yellow pine 

White oak 

Old and seasoned white oak 


42 to 102 
32 to 93 
23 to 87 


4544 
8470 
3957 


1,996,351 
1,398,908 
1,817,539 



Another series of tests made at the Watertown Arsenal^ and 
the averages plotted by Mr. Edward F. Ely, gave the following 
rules for the breaking-strength of columns of white and yellow 
pine with flat ends, the load being evenly distributed over the 
ends : — 

* Lanza, " App. Mecli.," p. 669. 
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Let A = area of section in square inches. 

/= constant whose value is given in the table following. 
r = the ratio of length to least side of rectangle, all the 
tests having been made on rectangular sections. 
Then- 
Breaking strength =yA 
where /has the following values : — 



Table VIII. 



AVliite pine. 




2 

r 




f 


OtolO 




2500 


10 to 35 




2000 


85 to 45 




1500 


45 to 60 




1000 



Yellow pine. 



I 


/ 


r 




Otol5 


4000 


15 to 30 


3500 


30 to 40 


3000 


40 to 45 


2500 


45 to 50 


2000 


50 to 60 


1500 



The following table has been compiled from experiments 
made by Mr. D. Eirkaldy on the crushing-strength and modulus 
of direct elasticity of timber : — 



Name of timber. 



English oak 



»» 



»t 



» 



Pitch pine 






♦» 



White Biga 
BedDantsig 
Dantzig fir 



t» 



i» 



ti 



f» 



Oregon pine 
Norway roruoe ... 
Baltic red 
English ash 
Demerara greenheart 



» 



Table IX. 



Sectional area 


1 




Ineaoare 
laches. 


1 r 
9 


f 


25 


3,542 


51-5 


5 to 22 


3.501 


83 to 144 


8 to 10 


3,431 


80 


11 


4,339 


75 


5 


4,569 


25 


9 


4,934 


169 


19 


1,960 


178 


18 


1,742 


83 


11 


2,588 


100 


5 


2,914 


25 


9 . 


4,704 


25 


9 


6,586 


25 


9 


5,376 


75 


5 


2,445 


25 


9 


3,025 


25 


18 to 18 


10,229 


50 


1-2 to 18 


8,430 



Modulus of 

elasticity in 

poondsper 

sqnars inch. 



1,786,000 



} 



1,539.000 



2,630,000 
1,923,000 
2,040,800 
1,163,000 
1,613,000 
4,301,800 
3,744,513 
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The following results on the compression of long and short 
columns of a few of the best Australian timbers have been 
selected from the ' author's experiments. They have been 
treated in a similar manner to the white and yellow pine, 
but are not strictly comparable, as the sectional area of the 
specimens of Australian timbers were only 9 square inches 
(8" X 8"). The results are very high, as the timbers were well 
seasoned, but certainly not more than 25 per cent, higher than 
would be obtained by testing logs 12 inches by 12 inches of 
sound well* seasoned timber. Australian timber is liable to 
decay at the heart and form a pipe, the area of which must 
be deducted from the area of the log in calculating the strength 
by the foregoing rules. 



Table X. 



Timber. 



Bed, grey, and white iroDbark ot\ 
N.S. walee; 70 spt'cimene tested. 
Theae timbere also grow in^ 
QueenslaDd, but are inferior to| 
those grown in N.S. Wales ...J 

TaUow-wood of N.S. Wales andi 
Queensland ; 38 specimens tested/ 

Sputted-gum of N.S. Wales; 82 1 
specimens tested / 

Spotted gum of Queensland; 8^ 
specimens tested / 

niaokbutt of N.S. Wales and^ 
Queensland; 48 specimens tested/ 

Bed, grey, and flooded gum ofj 
N.S. Wales, and red gum of - 
Victoria ; 72 specimens tested 

Turpentine of N.S. Wales and 
Queensland ; 32 specimens tested^ ' 

Jarrah of Western Australia 



Yalaes of/ when - equals 



0to4. 


4 to 8. 


11,000 


10,000 


8,500 


6,900 


8,400 


6,000 


10,800 


9,800 


8,500 


6,800 


8,600 


5,600 


9,600 


7,700 


6,800 


5,800 



8 to 16. 



16 to 24. 



34 to 36. 



9,500 7,500 



6,900 
6,000 
9,800 
6,800 



5,200 
6,000 
6,500 
4,700 



5,600 4,600 

I 

7,700 1 5,600 

5,800 13,900 



7,500 

4,500 
5,200 
5,300 
4,700 

4,300 

5,000 
3,900 



The modulus of compressive elasticity was obtained from 
experiments on test-pieces 12 inches long, which did not deflect 
laterally. In the iron bark it varied from 1,500,000 to 2,300,00(> 
pounds per square inch; and in the gums, from 1,300,000 to 
2,800,000 pounds per square inch. 

Shearing along the Fibres. — When timber is used for keys and 
in joints and connections of timber roofs and bridges, the 
material is frequently required to resist stresses tending to shear 
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it along the plane of the fibres. The resistance to shearing 
along the fibres has been determined for the following American 
timbers at the Watertown Arsenal, and for the Australian 
timbers by the author. 

Table XI. 

Shearing-strength of American Timber. 





SbeATlng-fltrength in pounds 




per •qoare inch. 


naiiic 01 uiuDr'' 
^liSIl ... •«. 


;i. 


Minimum. 


1 Mazlmnm. 


» • • ■ * • 


458 


700 


Yellow birch 






563 


815 


White maple 








367 


647 


Red oak 








726 


999 


White oak 








752 


966 


White pine 








267 


866 


Yellow pine . 








286 


415 


Spruce 
Whitewood 








253 


374 








382 


406 



Table XII. 

Shearing-strength of Australian Timbers. 





Sbearlng-strength in pounds 




per Bqoare inch. 


Name of timber. 








Mlnimom. 


Maximom. 


Bed, grejf and white ironbark 


1900 


2400 


Tallow- wood 


1100 


2000 


Spotted gnm 


1500 


2300 


Blackbutt 


1400 


1800 


Bed, grey, and flooded gum ... 


1000 


2100 


Turpentine | 


1400 


1700 


Janah 


1700 


1970 


Blackwood 


2000 


2700 



TransYerse Strength and Elasticity. — The transyerse strength 
of a beam is proportional to its breadth, the square of its depth, 
and inversely proportional to the span. If W denote the load, 
no matter how distributed, I = the span, h = breadth, d =depth, 
then- 
TV ^ 
Woe- 

If/ denote the coefficient of bending-strength of the material, 
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or modalus of rupture^ and the load is applied in the centre, it 
will be shown (Chapter IV.) that — 

W = ^^rr-; and/ = 



3Z 



ih(P 



The stiffiiess of a beam is inversely proportional to its 
deflection, to the breadth, and to the cube of its depth, and 
directly proportional to its load and the cube of the span. It 
will be shown, Chapter X., that for a beam supported at both 
ends and loaded in the centre — 

xfi ^ : and v ^ — - — - 

where E denotes the modulus of transverse elasticity, and v the 
deflection in the centre. 

The following table gives the summary of Professor Lanza's 
bending-tests : — ^ 

Table XIII. 



Name of timber. 


Breadth and depth 
in Inches. 


Span in feet 
and inches. 


Modulus of 

rapture,/, in 

pounds per 

square inch. 


Modulus of 

transverse 

elasticity E. in 

pounds per 

square inch. 


Yellow pine beams — 

Maximum ^ 

Minimum / 

Average 

Spmoe beams — 

Maximmn \ 

Miuimmn / 

Average 

White pine beams — 

Maximum ^ 

Minimum / 

Average 

White oak beams — 

Maximum \ 

Minimum / 

Average 


from 8 X 12 
to 9 X ISi 

■ 

from 1} X 6} 
to 6 X 12 

from 2| to 9} 
to6A,Xl2/, 

from 2x9 
to 6X12 


6 ft 5 in. 
to 24 ft. 

6 ft 8 in. 
to 20 ft. 

14 ft 
to 20 ft 

9 ft 6 in. 
to 20 ft 


/1 1.360 

1 5352 

7486 

/ 8120 

\ 2828 

5046 

/ 7251 

\ 2456 

4451 

/ 8850 

\ 3535 

5868 


2,286,000 
1,169,298 
1,757,900 

1,899,800 

897,961 

1,382,451 

1,565,000 

727,000 

1,122,000 

1,777,500 

672,724 

1,131,100 



In consequence of the resistance to shearing being small, 
failure occurred frequently by shearing horizontally along the 
fibres ; this will be again referred to in Chapter Y. 

Bauschinger has made experiments on the transverse strength 
of the more important coniferous woods from different districts 

> Lanza's '' App. Meoh.," p. 678. 
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of Bayaria, which give somewhat higher results than those 
obtained by Professor Lanza for American timbers of the same 
name. A summary of these tests is recorded in the following 
table : — 

Table XIV. 



Name of timber. 



Pine (snminer felled) ... 
M (winter felled) ... 

8pnioe (rammer feUed) 



w 



(winter felled) 



Arerage 
percent- 
age of 
mois- 
ture. 




Breadth and depth 

in inches, 

approximate. 



7X7 

7x7 

7x7to \ 

10} X 10}/ 

i 7 X 7 to \ 

\ 11 X 11 / 



{ 



Span in feet. 



8 ft. 2} in. 



»» 



•» 



»» 



Modoltts of < Modnlns of 
mptnre in elasticity in 



poonds per 
aq. Inch. 



6770 
6418 

5327 
5470 



pounds per 
square indi. 



1,589,639 
1,468,524 

1,412,818 
1,402,502 



The following table has been compiled from experiments 
made by Mr. D. Eirkaldy : — 

Table XV. 



Description of timber. 



Piteh pine 

Dantadg fir ... 

IHtto ... 

Baltic oak ... 
Baltic red ... 

English oak ... 

St Petenbnrg 

St. Petenbnrg 
iBtyellow ... 

8L Petenbnrg 
2nd yellow ... 

Archangel ... 



Archangel deal, 
Swedish 



':} 



SwediBhSS ... 
Swedish DDD 



Breadth and depth in inches. 


/ fiwn 11-18 X 11-30 \ 
\ to 1310 X 1310 / 


/ from 1000 x 1200 


\ to 1»25 X 14-38 


/ from 


2-50 X 10-10 \ 
800 X 10-10 / 


\ *o 




6-40 X 1600 


/ from 11-72 x 11*82 \ 
\ to 11-77 X 11-86 / 


/ from 


4-55 X 12-00 \ 


\ to 


4-58 X 1200 / 




309 X 11-07 \ 




308 X 1102 / 


/ from 


2-75 X 8-75 \ 


\ to 


300 X 8-75 ; 


/ from 


2-87 X 8-75 \ 
2-99 X 8-75 / 


1 to 




3-00 X 11-06 




3-09 X 11-02 




3-00 X 3-00 


/ from 


3-08 X 11-07 


\ ^ 


410 X 9-10 


j from 


300 X 9-10 \ 
3-15 X 9-10 / 


I ^ 


{ from 
I to 


2-93 X 8-75 \ 
2-96 X 8-75 ; 



Span in feet. 



12 

from 8 
to 12 

10 

10 

12 

10 

13 

10 

10 

13 

10 

10 
to 13 

10 
10 



} 



Modolns of 

mptnre in 

pounds per 

square inch. 



} 



7626 

4581 

3726 
7686 
4890 

9762 

8187 

8556 

6918 

6738 

6252 

5663 

6258 

6978 



Modnlosof 
transverse 

elasticity in 
pounds per 

square inch. 



571,760 



2,446,400 
1,677,500 
1,396,700 
2,014,300 
2,048,400 
1,838,300 
1,149,600 
1,528,700 
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The following tests made by the author were on specimens 
6 inches wide by 4 inches deep, on a span of 4 feet : — 

Table XVI. 



Nameoftlmbo'. 



Ironbark, N.S. Wales 

Tallow wood, „ 

Spotted guiD, V 

„ ,, QaeeDsland 

Tallow-wood „ 

Bed gum, N.S. Wales 

Victoria 

South Australia 

West Australia 

Grey aud floodedgum, N.S. Wales 

Blackbutt, N.8. Wales 

Turpentine, „ 

Jarrah, West Australia 






Weight In 

poondB 

pereaUc 

foot. 



73 
71 
58 
71 
71 
68 
65 
59 
66 
66 
65 
66 
62 



Modnliis of 

rnptarain 

pooDdsper 

eqoAre Inch. 



ModnloB of elM- 
tid^ In poondB 
per sgnare 
inch. 



18,000 
14,000 
16,000 
18,000 
10,000 
12,000 
11,000 
6,600 
10,000 
14,900 
14,000 
13,700 
12,040 



2,600,000 
1,980,000 
2,400,000 
2,500,000 
1,500,000 
1,800,000 
1,300,000 
890,000 
1,700,000 
2,560,000 
2,000,000 
1,900,000 
1,390,000 



Nnmber 

of 

specimens 

tested. 



24 

9 

12 

3 

3 

12 

3 

3 

3 

15 

15 

12 

7 



Lanza recommends that the modulus of rupture which may 
be safely assumed in practice should, for spruce and white-pine 
beams, be 8000 lbs. per square inch, but that for carefully 
selected timber we may take 4000 lbs. per square inch. For 
yellow pine he recommends 5000 lbs. per square inch, and 
that the factor of safety should be four, in building construction. 

Lanza also found, by loading beams for a considerable time, 
that the long-continued application of a load may produce 
two or more times the deflection produced by the load when 
first applied, and that the modulus of elasticity that may be 
safely assumed for a beam that may have to carry its load 
for a considerable time should be from one-half to two-thirds 
the modulus obtained from quick tests: thus for spruce, he 
recommends that the modulus of elasticity should be assumed 
at from 666,300 to 888,300, and for yellow pine from 878,950 
to 1,171,930 lbs. per square inch. He further considers that, 
although weakness in timber may be due to sap-woods, season- 
<3racks, and decay, by far the most frequent cause of weak- 
ness is the presence of knots, which in most cases deter- 
mine the position of fracture ; again, that it is not safe to rely 
on any extra strength due to seasoning. 

The author recommends that for well-seasoned Australian 
timber the modulus of rupture used for 12'' x VH* beams should 
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be 25 per cent, less than that recorded in the table — ^this 
recommendation is based on a few experiments on beams of 
this size of ironbark, red gum, and box — and that the factor 
of safety be taken as four for ordinary building construction, 
but that for bridges it should be eight for the live and four for 
the dead load. In view of Lanza's time-tests, the modulus of 
elasticity used in computing the deflections of beams should be 
taken at one-half that recorded in the tables. The strength 
and durability of Australian timber are greater for winter than 
for summer felled timber, and the strength is greater in 
seasoned than in unseasoned timber; but experiments prove 
that natural seasoning is better than either kiln-drying or 
steaming. The average life of timber bridges in Australia is 
about 25 years. 

Generally the best timber is that which has grown slowly 
upon a soil rather dry than moist, and it is compact and heavy, 
the annual rings being narrow and uniform. Timber should 
show a hard, clear surface when cut, and should be free from 
clefts, radial cracks, cup-shakes, or cracks between the annual 
rings. The trees should be felled either in mid-summer or in 
mid-winter, when the sap is quiet; the latter is preferable. 
Timber beams should not be built into walls, or otherwise 
subjected to imperfect ventilation, and should be kept dry, 
although some timbers stand well when kept constantly wet ; 
but most timbers decay rapidly when exposed so as to be wet 
and dry alternately. 

Several different methods are in use for the preservation 
of timbers. Ryan's process consists of injecting corrosive 
sublimate (perchloride of mercury) into the pores. In Burnett's 
process chloride of zinc is used. In Boucherie's method 
sulphate of copper, while the Bethell process consists of satu- 
rating the timber with creosote. In these operations the air is 
exhausted from the tank in which the timber is placed, the sap 
drawn out from the pores, and the solution forced in under 
pressure. 

A perfect antiseptic should be insoluble in water, and non- 
volatile creosote appears to be the best, but enormous pressures 
would be necessary to force it into the hard woods of Australia. 
It is largely used for sleepers of soft timber. 



CHAPTER III. 

RESULTANT OF ANY NUMBER OP FORCES — GRAPHICAL REPRESENTATION 
OF MOMENTS OF FORCES — THE METHODS OF DETERMINING THE 
STRESSES IN STRUCTURES. 

The determination of the stresses in structures such as trusses 
or girders is based upon the two following principles : (a) the 
principle of the resolution of forces ; (b) the principle of moments. 
The former may be stated thus : If any number of forces in the 
same plane act at a point, or at different points, of a rigid body, 
and are in equilibrium, the algebraic sum of all their components 
in any direction is zero. That is to say, the tendency to move 
the body in one direction is exactly balanced by an equal ten- 
dency in the opposite. The moment of a force about a given 
point may be defined as the product of the force and the perpen- 
dicular distance from the point to the line of action of the force. 
The second principle may then be stated thus : If any number 
of forces in the same plane act at a point, or at different points, 
of a rigid body, and are in equiUbrium, the algebraic sum of the 
moments of these forces, taken with reference to any point in 
their plane, is zero. That is to say, the tendency to produce 
rotation of the body in one direction is exactly balanced by an 
equal tendency to produce rotation in the opposite direction. 
These two fundamental principles give rise to two methods of 
calculation, and each may be applied analytically or graphically, 
but it will generally happen in any particular problem that one 
method offers advantages in simplicity over the others. In 
order to illustrate these principles, let Pi, P2, Ps) P4 represent 
forces acting in the same vertical plane, 61, 02> Os, 0^ denote the 
angles they make with the horizon ; let j;i, ^, x^, x^ denote the 
perpendicular distances from any particular point in the plane 
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of the forces to the lines of action of the forces — that is to say, 
the moment of a force Pi about a point situated at a per- 
pendicular distance x^^ from it is P^i. 

Fig. 7 represents four forces in equilibrium, and the lines 





Fio. 7. 

are assumed to represent the forces in magnitude and direction, 
and the arrow-heads indicate the sense of each particular force. 
Now, the first principle may be stated thus — 

Pi sin 01 + P2 sin %^ + P3 sin 63 + P* sin d^ = 0, or SY = 
Pi cos ©1 + P2 cos 02 + P3 cos ©8 + P4 cos 04 = 0, or SX = 

The second principle may be stated thus — 

Pi^i + Pa^a + Ps^^a + Pi^r^ = 0, or SPj: = 

The first principle is applied graphically by drawing a 
polygon, termed the "force polygon," the sides of which are 
parallel to the forces and equal in length to the magnitude of 
the forces, as shown in Fig. 8. 

This polygon will close, as the forces are in equilibrium. If 
the polygon does not close, the system of forces is not in 
equilibrium, and must have a resultant; thus Fig. 9 shows 




a system of forces not in equilibrium, and Fig. 10 the incomplete 
polygon. 

The closing line, shown dotted, represents the resultant 
force in magnitude, and is parallel to it in direction; but it 
does not show its line of action, and, in order to discover this, 
we proceed as follows : — 

Take any point in Fig. 10 in the plane of the forces, which 
we will call the pole, and join it to the angular points of the 
polygon as shown in the dotted lines; draw lines in Fig. 9 

D 
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parallel to the dotted lines radiating from in Fig. 10, com- 
mencing at any point a on the line of action of the force Pi ; 
thus a b, Fig. 9, is parallel to the line from to the join of Pi 
and Pa, Fig. 10 ; be is parallel to the line from to the join 
of P2 and P39 the points b and c lying on the forces P2 and P3 
respectively. To find the point of application of the resultant 
By we draw ad and cd parallel to the remaining lines in 
Fig. 10, viz. from to the join of Ps and B, and from to the 
join of Pi and B. The figure abed. Fig. 9, is termed the 
" funicular polygon.*' As the pole 0, Fig. 1, may be selected 
anywhere in the plane, we have an infinite number of funicular 
polygons all passing through the point a, Fig. 9. Again, a may 
be taken anywhere in the line of action of the force Pi, thus 
producing an infinite number of funicular polygons for the 
infinite number of positions of a, while the pole 0, Fig. 10, 
remains unchanged. But whatever the position of the pole 
or the starting-point a, the intersection d, giving the position 
of the resultant, always falls on the line of action of the resultant. 
If the system of forces is in equilibrium, the funicular as well 
as the force polygon must close. The second principle is there- 
fore briefly expressed by stating that for forces in equilibrium 
the funicular polygon must close. 

Caiman's Principle. — Suppose we have a single force P acting 
at A, Fig. 11. The force polygon in this case is represented by 
the straight line mHn, where mn represents the magnitude of 
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the force to scale, Fig. 12. Select a pole 0, and join it with m 
and n, which is equivalent to resolving the force P in two direc- 
tions. Draw through the point A, Fig. 11, two lines parallel 
to «i, and 809 F^* 1^9 Ai^d draw a line OH perpendicular to mn ; 
the distance OH is called the polar distance. Draw xy perpen- 
dicular to the direction of P, Fig. 11, and draw lines ab, cd, ef, 
parallel to P. Then the moment of the force P with reference 
to any point 7t is P x Ah. But in Fig. 12 we have by similar 
triangles — 
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P : HO : : oi : AA 
.-. P X Aft = HO X ofc 

That is, the moment of the force P, with reference to any 
pointy is equal to the ordinate drawn through this point parallel 
to P, included by the two components into which P is resolved, 
multiplied by the polar distance in the force polygon. 

The same principle may be applied to represent the moments 
of any number of forces, Let Pi, Pa, P3, and P* represent four 
forces acting as in Pig. 18. Draw the force polygon ahcAe^ 
Fig. 14, and select a pole and draw the lines Oa, 06, Oe, Od, 
and Oc. Draw 1 2, Pig. 18, parallel to 06, 2 8 parallel to Oc, 8 4 
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parallel to Od. Draw a line 6 5 anywhere as a closing line, and 
OH parallel to it (Pig. 14). Then OH will represent to sCale 
the stress in the closing line 6 6, and aH and He will be the 
forces at 6 and 6 parallel to the resultant B. Draw OM per- 
pendicular to the resultant B. Let the force x be resolved along 
6 1 and 6 6 ; these are represented in the force polygon by oa and 
oH. * By Culman's principle the moment of x for any point g 
is OM X gf^ and since OM is constant, the moment is propor- 
tional to ^, included between 6 6 and 6 1. The pole distance 
must be measured to the same scale as the force polygon, the 
ordinate <//to the scale of distance assumed in Pig. 18. 

The ordinate included between 6 1 and 6 6 is proportional 
to the moment of x for any point through which the ordinate 
passes. 

To find the combined moment of at any point j) upon the 
closing line of all the forces to the left or right of this point, 
produce 1 2 and 6 5 to meet in r ; then the moments of the 
stresses in 1 2 and 6 6 about the point r will be zero. Hence 
the moments of Pi and about this point must also be zero, 
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since the forces are in equilibrium ; but since the combined 
moment of any number of forces is equal to the moment of the 
resultant, the moment of the resultant of Pi and x about r must 
be zero, also the resultant of Fi and x must pass through r. 
The intersection of any two lines in an equilibrium polygon is 
the point of application for the resultant of the forces at the 
apices between these lines. Thus the intersection r of 6 5 
and 1 2 is the point of application for the resultant of Pi and x ; 
this is shown in the force polygon by joining H6. If the force 
acting at r is resolved along the closing line 6 5 and parallel to 
the resultant, these components will be represented in the force 
polygon by lih and /iH, where hh is drawn perpendicular to 
OM ; the moment of H/& is zero, because it passes through the 
point 'p. The moment of hYL is equal to the ordinate 'pq multi- 
plied by the pole distance upon hm by Gulman's principle, 
i.e. pq X cm, or the projection of ob in a direction perpendi- 
cular to the resultant, or the distance om. We have, therefore, 
the following properties of an equilibrium polygon — 

(a) The intersection of any two of its lines gives a point 
upon the resultant of the intermediate forces. 

(b) The ordinate parallel to the resultant of all the forces 
multiplied by the projection, on a line perpendicular to this 
resultant, of the line in the force polygon corresponding to the 
line in the equilibrium polygon which is cut by this ordinate, 
gives the combined moment of all the outer forces, right or left, 
with respect to that point on the closing line through which the 
ordinate passes. 

The ordinates must in all cases be measured to the scale of 
length, and the projection in the force polygon to the scale of 
force. 

In the case of a beam supported at each end and loaded with 
any number of loads Fi, P2, P3, etc., Fig. 15, draw the force 
polygon, which is here a straight line, making ab equal to Pi, 
be to P2, cd to P3, and select a pole and join Oa, Ob, Oc, and 
Od, Fig. 16. In Fig. 16 draw 5 1, 1 2, 2 8, and 8 4 parallel to 
Oa, Ob, etc., in the force polygon and between the directions 
of reactions Y, Yi, and the forces Pi, P2, and P3 forming the 
equilibrium polygon. Join 5 4 and draw OH parallel to it ; then 
aH and H^ represent the reactions Y and Yi respectively. 
Draw OM perpendicular to the direction of the forces or loads, 
i.e. horizontal ; then the bending moment at any point p in 
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the beam of all the forces to the right or left of it is equal to 
OM X i>^. 

The bending moment may be defined as the bending couple 
tending to produce rotation of one part of the beam upon 
the other considered relatively fixed, as at 'p^ Fig. 15. It is 





Fig. 16. 



the resultant moment of the external forces acting on the part 
of the beam to one side of the section, these moments being 
taken about a horizontal axis in the section. 

The Determination of Stresses in Braced Structures. — The action 
of vertical loads in producing transverse stresses in beams will 
be considered in the next chapter, but the principle of moments 
may also be applied to find the stresses in braced structures. 
As stated by Bankine, '' If a frame be acted upon by any system 
of external forces, and if that frame be conceived to be com- 
pletely divided into two parts by an ideal surface, the stresses 
along the bars which are intersected by that surface balance 
the external forces which act on each of the two parts of the 
frame. '' This theorem furnishes in some cases the most 
convenient method of determining the stresses along the pieces 
of a frame." This method may be illustrated with reference to 
a common roof-truss shown in Fig. 125. The system of 
lettering adopted is that known as Bow's, which consists in 
assigning a letter to each enclosed area, and also to each space, 
enclosed or not, around or bounding the truss, and attaching 
the same letter to the angle, or point of concourse of lines, 
which represents the area in the diagram of forces. The 
angular points are denoted by the numbers 1, 2, 3, • . . 7. 

The loads written on Fig. 125, acting vertically downwards, 
as represented by the arrows, are produced by the dead load of 
the roof-truss, including its own weight and that of the roof- 
covering, purlins, ridge, etc., included between two principals, 
amounting to a total load of 6496 lbs., which is taken as 
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concentrated at the joints 1, 2, 8^ ... 7 in the manner shown 
in Fig. 125. The restdtant upward reaction is therefore 2486 
lbs. at each support. Divide the truss by the ideal surface 
or vertical section aa^ Fig. 17. This section cuts the two bars 
1 2 and 1 8, which, according to our notation^ we call AH and 

/ 







\< 
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AZ respectively. We shall denote the stress in AH or AZ as 
AHi or AZi for shortness. Now, since, before the truss was 
divided by the section aa^ the stresses in the two bars cut by it 
balanced the external forces, it follows that if we apply forces 
equal to these stresses they also will balance the external forces, 
and the system wiU be in equilibrium. The direction in which 
the arrows point will always be taken away from the portion of 
the truss which remains after the section is made, and moments 
which tend to cause rotation in the direction of the hands of a 
watch will be denoted by the sign + (plus), and moments tending 
to produce rotation in the opposite direction by the sign — 
(minus). To find the stress in the bar AZ, we take moments 
about any point in the bar AH, excepting where* it intersects AZ. 
Select the point 2, and measure the lever arms of the stress AZj 
and the reaction 2486, which are 2*16 and 10 respectively; 
these are written on Fig. 17, which represents the forces in 
equilibrium. We have, therefore — 

2436 X 10-216AZi = O 

.-. AZi = + 11,274 lbs. 

The plus sign shows that the bar is in tension, so that we 
find both the magnitude and the character of the stress by this 
method. 

To find the stress AHi, take moments about any point in 
AZ excepting the point 1 ; select the point 8 and measure the 
lever arms ; then — 
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2486 X 10-88 + 2-2lAHi = 0, and AHi = - 11,988 lbs. 

the minus sign showing that the bar is in compression. In like 
manner we may proceed to determine the stresses in every 
member of the tenss ; thus for the stress AB we take a section 
j8/3, which cuts two bars in addition to the bar AB, and in such 
a case it is most convenient to take moments about the point 
where these two bars meet, viz. the point 1. 

In Fig. 18 we saw that the moments of the stresses in 1 2 and 
6 5 were zero, because they were measured about the point r 
where the lines 1 2 and 6 5 intersect. For the same reason the 
moments of the stress AZi and AHi are zero ; the moment of 
the reaction is also zero (Fig. 17) ; 

.-. lO-SABi + 10 X 1624 = 0, and ABi = - 1604 

which is compression. 

To find the stress in BI, take the section SS and moments 
about the point 8, Fig. 18. 

I / 
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2-21BIi - 1624 X 0-88 + 2486 x 1088 = 

.'. BIi = - 11828 (compression) 

To find the stress CZj, Pig. 18, take the section 77 and 
moments about the point 4 — 

6-16CZi - 1628 X 10 + 2436 x 20 = 

.-. CZi = 5270 (tension) 

To find the stress BCi, take moments about the point 0, Fig. 18 — 

- 8-26BCi + 1624 x 5 + 2486 x 5 = 

.-. BCi = 6246 (tension) 

The right-hand members of the truss will give results corre- 
sponding with similar bars on the left, which the student may 
easily prove. It will be observed that the stress upon any 
member of the truss is found independently of the stresses in 
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other members. The stress on a particular member can always 
be found if the section taken does not cut more than three bars. 
If three or more bars are cut, the stress on any bar can be found 
if the stress on one or more of the bars cut is known ; thus in 
Fig. 18 the section 00 cuts four bars, and we wish, for example, 
to find the stress GZi. The stress in the bar AB has been found 
to be - 1504. 

.-. 6-16CZi + 2436 x 20 + (- 1604 x 10-8) = 

and GZi = 5270 (tension) as before 

The method of sections would be applied in the same manner 
to obtain the stresses in more complicated roof and bridge 
trusses ; thus, if Fig. 19 represents a portion of a bridge truss, 

the stresses in the three bars cut may 
obviously be found by taking moments 
about suitable points ; but if the points 
8 4 be joined the section cuts four bars, 
and the method fails. The structure in 
this case is said to be redundant, as it 
is indeformable without the line 8 4. If 
both the bars 8 4 and 2 5 are omitted the structure is deform- 
able, and may alter its shape without altering the length of 
the members 28, 85, 54, and 43. Generally, if n denote 
the number of sides of a closed figure, such as 2 8 4 5, and 
V the number of vertices or comers, then it may be proved 
that — 

For a deformable figure, 7i < 2«; — 3 

For an indeformable non-redundant figure, n = 2r — 3 

For a redundant figure, n > 2v — 8 

Every bridge or roof-truss should be divided up into triangular 
spaces, so that for every enclosed space bounded by lines, 
?i = 2i; — 8. 

The stresses in braced structures, such as the roof-truss 
illustrated in Fig. 125, may be found graphically by means of 
a reciprocal figure. Two figures are said to be reciprocal if for 
every side of the one there is a corresponding side in the other. 
Corresponding sides are parallel, perpendicular, or inclined at 
some constant angle to each other. To every system of lines 
meeting at a point in the one figure there is a corresponding 
closed polygon in the other. A reciprocal figure can always be 
drawn if the original figure is indeformable and non-redundant. 
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Take, for example, the roof-truss illustrated in Fig. 125. Draw 
the force polygon to scale ; in this case it becomes a straight 
line. The conyenience of Bow's notation will now be more 
apparent. The reciprocal figure, Fig. 126, is drawn by com- 
mencing at E in the force polygon, and drawing the line KE 
parallel to the line EE in the roof-truss. Fig. 125, and drawing 
ZE parallel to ZE in Fig. 125 to meet it in E. Then, since 
EZ, Fig. 125, represents the reaction at the support 7* which 
is in equilibrium with the stresses EEi and EZi, the triangle 
EEZ, Fig. 126, is the triangle of forces, and the length of the 
line EE, measured to the same scale as the force polygon, 
represents the stress EEi ; also the length of the line ZE, Fig. 
126, represents the stress ZEi, and the stress in every other 
member of the truss is foimd by completing the reciprocal 
figure in the manner shown, and measuring the length of each 
line in Fig. 126 to find the stress in the corresponding member 
of the roof-truss. Fig. 125. Every line in Fig. 126 is parallel 
to the corresponding line in Fig. 125, and, completing the figure 
&om D by drawing DE parallel to DE, Fig. 125, and so on, 
we prove the accuracy of the work by the closing line AH, Fig. 
126, being parallel to AH, Fig. 125. It will be noticed that 
for every space in Fig. 125 there are three lines diverging from 
a point in Fig. 126 having the same letter against it as the 
space ; thus the space C, Fig. 125, bounded by the lines GB, 
CD, GZ is represented in Fig. 126 by the three diverging lines 
radiating from G. The determination of the character of the 
stresses is second only in importance to the determination of 
the stresses themselves. In Fig. 126 the thick lines denote the 
compressive stresses, and the thin lines the tensile, which are 
determined as follows : — 

The forces 2486, EE, and EZ, Fig. 125, are in equilibrium, 
and are represented by the closed polygon EEZ, Fig. 126. 
Follow round the polygon. Fig. 126, starting with the known 
upward reaction ZE = 2486, and indicate the direction of the 
forces by arrows as shown; put arrows on the corresponding 
stresses in Fig. 125, then it is seen that EE acts towards the 
point 7> and is therefore compressive ; EZ acts away from it, and 
is tensile. If EE is produced to the right, it is seen that the 
stress must be tensile. Hence the following rule: Take any 
apex of the frame as a system of forces in equilibrium. Follow 
round the polygon formed by these forces in the direction 
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indicated by those forces whose direction is abeady known, and 
transfer the directions thus obtained from the forces to the apex 
under consideration. If the stress acts towards the apex, the 
piece is in compression ; if away from the apex, the piece is in 
tension. The results foimd by measuring the lines to the proper 
scale in Fig. 126 may now be compared with those obtained by 
the method of sections. The principle of the resolution of forces 
may be applied algebraically by using the general equations of 
equilibrium, and the stresses determined by means of the 
method of sections and also by means of the reciprocal figure 
might have been determined by means of these equations. The 
objection to the algebraic method in such cases is the necessity 
of measuring all the angles which the bars make with their 
horizontal and vertical components. The method is too tedious 
when appUed to a single roof or other truss, but may be useful 
when applied to a number of such trusses of similar angles, but 
with harp of different length. 



CHAPTER IV. 



BENDING MOMENTS AND SHEARXNG STBESSES. 
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The action of transverse loads in producing stresses in beams 
may be conyeniently studied with reference to a beam fixed at 
one end and loaded at the other. 

Fig. 20 shows such a beam fixed by building it into a wall» 
and loaded at the extremity with a load W. The deflection or 
bending produced by 
the load is exaggerated 
for the sake of clear* 
ness, and it may be 
observed that the fibres 
on the convex side of 
the beam are length- 
ened, while those on the 
concave side are short- 
ened. The upper part of the beam is consequently in tension, 
and the lower part is in compression, while, somewhere between, 
tension must change to compression. The layer of fibres at 
which the change from tension to compression occurs is called 
the neutral layer, as it is neither lengthened nor shortened by 
the bending of the beam, and is therefore not subjected to either 
tension or compressive stresses. 

If the beam is supported at both ends and loaded in any 
manner by vertical loads between the points of support, the 
tensile and compressive stresses developed in the beam will be 
as indicated in Fig. 21. 

Besides the direct tensile and compressive stresses which are 
developed in the beam in consequence of the bending, there are 
other stresses which may be realized by clamping together a 
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number of planks, such as would be obtained by making hori- 
zontal sections of the beam shown in Fig. 21, and loading in a 

similar manner. It 
will then be observed 
that each section slides 
upon the other, and 
overlaps in the manner 
indicated in Fig. 22 ; 
hence we conclude that there are horizontal stresses developed 
in a beam when loaded which tend to make the various 

layers slide upon each 
other. Again, if, in 
the beam shown in 
Fig. 20, we imagine 
two forces applied at 
any section ab^ each 





Fig. 22. 





Fig. 23. 
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equal to W, and acting in opposite directions so as to neutralize 
each other, it is clear that the three forces are equivalent to a 
couple tending to produce rotation of the beam to the right of 
the section a&, and an unbalanced force W. Hence we conclude 

that there are vertical 
stresses developed in 
a loaded beam which 
tend to make the 
layers slide upon each 
other in vertical planes, as indicated in Figs. 23 and 24. These 
horizontal and vertical stresses are termed shearing stresses. 

The stresses produced in beams subjected to transverse loads* 
may be summarized as follows : — 

(a) Direct tensile and compressive stresses, {h) Horizontal 
and vertical shearing stresses. 

The term ^^ bending moment " has been defined in Chapter III. 
The bending moments and shearing stresses for the various cases 
which occur frequently in connection with the construction of 
ordinary beams and girders will now be considered. 

Case I., Figs. 25, 26, and 27. — A beam fixed at one end, 
termed a cantilever, is loaded at the other with a load denoted 
by W. This and the following problems may be solved by 
applying Culman's principle, but it is proposed to treat them 
algebraically as being rather more convenient for this class of 
problem. Let x denote the distance from the extremity to the 
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section at which the bending moment is required ; let c denote 
the length of the cantilever. Let M denote the bending moment, 
and S the shearing 



stress. From con- 
siderations in connec- 
tion with Pig. 17, it 
follows that — 







Fig. 25. 



Fig. 26. 
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M = Wa, and S = W 

M willhave its greatest 
value when x = c, and 
S is constant through- 
out the length of the beam. Hence the bending moments are 
represented graphically in Fig. 26, where the maximum bending 
moment Wc is drawn to scale, and the bending moment at any 
point may be foimd by measurement. In a similar manner 
Fig. 27 represents the constant shearing stress. If W = 10 lbs., 
and = 8 inches, then Wc = 80 inch-pounds, so that the bending 
moments are expressed as inch-pounds or foot-tons, according to 
the units of load and distance used. The shearing force is 10 lbs. 
Case n.. Figs. 28, 29, and 80. — A cantilever loaded with 
a uniformly distributed 
load of W per unit of 
length over its whole 
length. Adopting the 
same notation as be- 
fore, and remembering 
that the imiform load 
to the right of the 
section may be con- 
sidered as concentrated 
at its centre of gravity, 
and acting with a lever- 
age equal to the distance 
of the centre of gravity 

from the section under consideration, viz. ^, we have — 
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Fig. 30. 
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M = wx X - = — 
A 2k 
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which is a maximum when a; = c, viz. M = 7r» ^* *^® point of 
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fixing. Again, the shearing stress is equal to the load on the 
light of the section^ which increases uniformly to the point of 
fixing; hence Fig. 29 represents the bending moments, and 
Fig. 80 the shearing stresses on the same principles as explained 
in connection with Oase I. It may be observed that in Oase I. 
the equation of bending moments is that of a straight line, while 

in Oase II. the equation M = --- is that of a parabola, the origin 

Ik 

being at the extremity ; hence we may determine points in the 

curve by solving the equation for M after substituting for x its 

value in feet or inches, and for w its value in tons or pounds ; 

or the curve may be drawn by any of the geometrical methods, 

having first calculated the maximum ordinate -^ . 

Let u; = i a ton per foot nm, and let c = 6 feet ; then — 

'if a: = 1 ; M = 0-25 foot-tons. 
«=:2; M = l-00 
a? = 8 ; M = 2-25 
a: = 4; M = 4"00 
a; = 5 ; M = 6*25 
a: = 6; M = 9-00 
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Case ni.. Figs. 81, 
82, and 38. — A canti- 
lever loaded at the 
extremity with a load 
W, and with a uni- 
formly distributed 
load of w per unit of 
length. This case is a 
Fio. 32. combination of Oases 
L and IL, and the 
equations may be 
written down at once, 
thus — 



Fro. 33. 



S = W + wo: 

The diagrams of 
bending moments and shearing stresses are shown in Figs. 
82 and 88. 
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Case IV., Figs. 84, 86, and 36. — A cantilever loaded with 
any number of concen- jg^^gt -*^- - -1r, 4 



trated loads. 

LetWi,W2,W3,etc., 
denote the loads, and 
^1, x^i X2, eto., the dis- 
tances from the fixed 
end respectively. Then 
the moment at b is 
Mft = WaC^a — a:a) ; in a 
similar manner Ma = 

WaC^i^a - ^1) + W2(aJ2-^i). 
The moment about the 
fixed point is — 



FlO. 35. 



FlO. 36. 



M == W3ar,.+ Wa^a + YfiX^ + . . . 

The shearing stress is zero from the extremity to c ; from c to 
b it is W3 ; from & to a it is W3 + W2 ; from a to the point of fixing 
it is W3 + Wa + Wi + . . . 

Hence the diagrams Figs. 85 and 86 represent the bending 
moments and shearing stresses respectively. 

Oase v.. Figs. 87, 88, and 89. — A cantilever partially loaded 
with a uniformly dis- 






mmi 




FlO. 3t. 
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tributed load of w per 
unit of length (Fig. 
87). Let X denote the 
distance of the section 
of the beam at which 
the bending moment 
is required from the 
point of fixing; then, 
considering the loads to the right of the section, we have : Load 

= w{a + 6 — a;) acting with a leverage = — '- ; therefore 

the bending moment is — 

The bending moment at a section situated at a distance a 
from the point of fixing is found by making a; = a in the fore- 
going equation, thus — 
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To find the bending moment between this last section and 
the point of fixing, we observe that a is greater than x ; thus — 



M 



= i(?M 2 + « - a; j 



The maximum bending moment occurs at the point of fixing, 
where a: = o; then — 



M 



= tr6(-+a) 



FlO. 40. 



Fig. 41. 



We observe that the diagram of bending moments, Fig. 38, 
is a parabola immediately under the load, and a straight line 
(viz. the tangent at the extremity of the parabola) from the 
left extremity of the load to the point of fixing. The diagram of 
shearing stresses, Fig. 39, needs no comment. 

Case VI., Figs. 40, 41, and 42. — A beam supported at both 

^ A «i^ ends and loaded in 

J \ ^--y- — \i — ^ ^^ centre. Let h 

= the distance be- 
tween the points of 
support ; c = the 
half distance ; x = 
the distance of the 
section at which the 
bending moment is 
required from the 
centre of the beam. 
Then the pressures 
on the points of support will be equal to one another, and to 
half the load W, and there will be a corresponding reaction 
acting upwards of the same amount. We may consider the 
beam fixed at the point where the bending moment is required, 
and consider the forces on one side of it as acting on a beam 
fixed at one end. Considering the forces to the right of the 
section, and denoting forces acting upwards by the sign — , and 
those acting downwards by the sign + , we have — 

W 

M = - -(c - X) 




T FlO. 42. 
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Wc 
which is a maximmn, and = —r- when x = o, i.e. at the centre 

of the beam. 

If we had taken the moments of forces to the left of the 
section, we should have found — 

W W 

M= - -^(c + flj) + Wa:= - -(c - a:) 

as before. 

Since I = 2c, we may write — 



and when a: = o, M = -. 

4 

The shearing stress is constant from the supports to the 

W 
centre, and equals — ; at the centre the shearing stress is zero. 

The diagrams of bending moments and shearing stresses are 
shown in Figs. 41 and 42 respectively. 

Case 711., Figs. 48, 44, and 45. — ^A beam supported at both 
ends, and loaded at w^t tv^ 

a point between the \ '^ ^"i T 

centre and one of the **««- ^ — I — ^_ m^n ' fw. 43. 

supports (Fig. 48). 
Let m and n denote 
the segments into 
which the load W 
divides the beam, and 
let X denote the dis- 
tance of any section * ' '^ I tv- fig. 45. 
from the right sup- 
port. The reaction at the left support is, by the law of the lever, 

-— , and at the right support - -. Then — 

M = - ^ -h W(x - in) 

which equals a maximum when x = m, i.e. at the point of 
application of the load — 

Wmn 
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M = 



I 



E 



so 
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The shearing stress is constant from the right abutment to 

Wn 
the point of application of the load, and equal to - ; it is also 

V 

Wm 
constant from this point to the left abutment, and equals — 

V 

The diagrams of bending moments and shearing stresses are 

shown in Figs. 44 and 45 respectively. 

Case Vni., Figs. 46, 47, and 48.— A beam supported at both 

ends, and loaded 
with a uniformly 
distributed load of 
w per unit of length. 
Fig. 46. The re- 
actions at the sup- 
ports are both equal 
to half the load, i.e. 

f . ConBideringthe 



total lotsdm^l 
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distributed load to 
the left or right of 
the section as con- 
centrated at its cen- 
tre of gravity, and 
acting with a leverage equal to the distance of this point 
from the section under consideration as in Case II., we have, 
denoting the distance of any section from the centre by x — 

M is a maximum when x = o; i.e. at the centre of the beam 

we have M = . If j; is measured from one of the points 

o 

of support, we have M = - -(^ - ar»). We observe that the 

curve of bending moments is a parabola (Fig. 47), the central 

wP 
ordinate of which is equal to — ; the bending moment at any 

o 

other point may be found by drawing the parabola and measur- 

wP 
ing the particular ordinate to the same scale as -— , or we may 
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make use of the equation of bending moments, substituting for 

X its distance from the centre of the beam, or from a support. 

If the beam or girder is 60 feet between the centres of the 

supports, and the load per foot run is 1*18 tons, we have the 

1*13 
equation of bending moments M = — r— (30* — re*), where x is 

measured from the centre, and we may tabulate the results as 
in Fig. 49. 

The shearing stress at any section in the beam is found by 
subtracting the load between 
the section and the nearer 
support from the reaction at 
that support. Since the re- 
action at both supports is 

half the load, viz. ^, it fol- 

lows that the shearing stress 
must gradually diminish to- 
wards the centre of the beam, 
where it is zero. The shear- 
ing-stress diagram is drawn 
in Fig. 48. If we measure x 
from the centre of the beam, 
S = wx. 

Case IX. — A beam supported at both ends and loaded with 
a central load W, also with a uniformly distributed load of w 
per unit of length. This is obviously a combination of Cases 
VI. and VIII., and the equations of bending moments and 
shearing stresses may be written thus — 

"=-i(2-')-i[(D -4 

When a; = 0, M is a maximum, and—. 

m_icP 
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W 

AlBoS=- + t... 



I 



which has its maximum value when x = -, i.e. — 

Vf wl 
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Case X., Pigs. 50, 51, and 62.— A beam supported at both 
ends, and loaded with a partially distributed load of w per unit 
of length (Fig. 50). The total load is wh, and the load to the 




Fio. A. 



FiO. 61. 



Fig. 62. 



left of the section at a distance x from the left abutment its 

OC ~" CL 

w{x -^ a), acting with a leverage of -^ . The reaction at 

. wb / h 



the right support is r ( « + ^ ) » ^^^ ^* *^® 1®^* support it is 

h - (" a + - j [. Taking moments to the right of the section 

under consideration, we have — 

wbxC. / . h 



wb 
1 



M= - 



I 



!'-(«+ )}+!"-* 



dM 



The maximimi value of M is found by making -z— = o, or 

ax 



"" tI^ - (« + 2)5 + ^(^ - ^) =^- 



wabc 2a + b 
If ic = a, M= - ~7~j^ "" — o~ 



} 



If X falls between the left of the load and the left support— 

wbx / , 2a + b 



M=- 



0- 



) 



I \ 2 

In a similar manner, if x falls between the right of the load 
and the right support— 
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The diagram of bending moments, Fig. 51, is a parabola 
for the length h immediately under the load, and straight lines 
tangential to the parabola between its extremities and the 
supports. 

The shearing stress from the right support to the right 
extremity of the load is equal to the reaction ; thus — 

In a similar manner, the shearing stress from the left 
support to the extreme left of the load is — 

At any section intersecting the load the shearing stress is — 



S 



=-t1'-(»+D1+""-«> 



It equals zero for some section intersecting the partial load, 

which section may be found by making the above expression 

for S equal to zero. r - -/-A--.; b -, 

The maximum value | j^>->^'^^/^>^^^>^^^^^^ ^ ^^^ ^ 

occurs when a; = a, ^ t^.j. i ^m 

or aj = a + 6, in t ' | 

which cases S is the . ^X^.^^-^ ^'^* **• 

reaction at the left *"•' .-'' 

and right supports ^^ 

respectively. The diagram of shearing stresses is illustrated 

in Fig. 52, and the point y denotes the position of the section 

where the shearing stress vanishes, and the bending moment 

is a maximum. 

If the partial load extends from the right abutment to some 
point in the beam, then (Fig. 58) a^r^l — h^ and the equation of 
shearing stress becomes — 

S = - '^^[Z - (l - 6 ^1) I + a,{* - (Z - 6)} 

= "2^ +«^{^- a-6)} 

which has its maximum value when a; = Z — 2^, or at the extremity 
of the load, thus — 



1 



54 



Engineering Construction. 



^-~ 2T 

This is the equation of a parabola (Fig. 54). It is convenient 
to denote the distance to which the load extends beyond the 

centre of the beam, measuring from the right, by x ; then ^ 4- ~ 

= b, and the equation of maximum shearing stresses becomes — 



«=-2('+D 



X 


■MX 


:s::i& 











O 


S'ta 


s-n 


^ w w 


» ^m ^ ^ ■» 




9 


a-tB 


t-io 


fO-OB 


— — . 


---^ 


' —\ 


a 

m 




14-40 


tS-M 




1 




- — - 


../, 


•--\ 


c$ 


9^ 


»'»3 


J7>M 





-/-■ 


. _ .^ _ 


ft 


H-40 






/ 












^il4 ^ 


' fW 



Fig. 55. 



This is in a convenient form for calculating the maximum 
shearing stress produced by a live load extending from the 
right support. A similar parabola would indicate the maximum 

shearing stresses if the live 
load came on from the left 
support, the maximum ordi- 
nate would, however, in 
this case appear at the right 
support. It is clearly only 
necessary to determine the 
values of S for the left half 
of the beam. As an ex- 
ample, let Z = 60 feet, and 
the live load %v = 0*75 tons per foot run. Let the dead load 
per foot run be OSS tons ; then the total shearing stress is — 

0'75 
S = 0-38x + ~{x + 30)^ = 0-38x + 0-00625(x + 30)^ 

The diagram may be drawn as in Fig. 55. 

Case XI., Fig. 56, 57, and 58. — A beam supported at both 
ends and loaded with a series of concentrated loads, Wi, W2, 
W3, etc. (Fig. 56). Let Ei and Eg denote the reactions at the 
supports ; let ai, a^ Og, etc., denote the distances of the points 
of application of Wi, W2, W3, etc., respectively measured from 

the left support. Then E^ = y Wi + y W^ + y W3, and Ei + E, 

= Wi + Wa + W3; hence Ei = Wi + W^ + W3 - E^. The re- 

actions at the supports having been determined, the bending 

moments at the points of application of the loads may be 
expressed thus — 
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At the point of application of Wi, M = — RiOi 

W2, M = - EiOa + Wi(a2 - oi) 
Ws, M = - £1^3 + WaCoa - 02) 

+ Wi(a3 - oi) 

Fig. 66. 



« f 



»» 



>» 

>» 



>> 

>> 




Fio. 57. 



Fig. 58. 



At a section distant x from the left support— 

M = - Rio; + Wi(a; - Oi) + WaCx - a,) + WgCa; - 03) 

The diagram of bending moments, Fig. 67, is an irregular 
polygon. 




a b c d 
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Fio. 60. 



Fio. 61. 



Fio. 62. 



The shearing stress from the left support to the point of 
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application of Wi is Bi ; from the point of application of Wi to 
that of Wa it is (Ri - Wi). 

From Wa to W3, S = Ri - Wi - W, 
From Ws to the right support, S = Ei - Wi - Wa - W3 = Ea 

The diagram of shearing stresses is therefore a stepped 
figure (see Fig. 68). 

As an example of this case, take a beam of 24 feet span 
supported at each end, and loaded, as shown in Fig. 69, with 
four equal weights of 9 tons each. This example corresponds 
with that of a cross-girder in a railway bridge carrying a double 
line of way, and receiving its maximum load from the weights 
concentrated by the driying-wheels of the locomotive. 

Since the loads are symmetrically arranged with regard to 
the centre of the girder, the reactions at the supports are each 
equal to 18 tons. The bending moment at a and d is — 

M = 18 X 4 = 72 foot-tons 
At 6 and c, M = - 18 X 9 + 9 X 6 = 117 foot-tons 

The diagram of bending moments is shown in Fig. 60. The 
shearing-stress diagram, Fig. 61, shows that there is no shear- 
ing stress from & to c in the centre of the girder. If the shearing- 
stress diagram is drawn for only two loads, as in Fig. 62, the 
shearing stress in the centre is 4*875 tons, showing that the 
maximum shearing stress in the centre, Le. from h to c. Figs. 
67 and 60, of a cross-girder carrying a double line of railway 
occurs when one line only is traversed by the live load. The 

maximum shearing 
"r* r"*~l stress at other por- 

tions of the cross- 
girder occurs when 
it is fully loaded on 
both pairs of rails. 

Case Zn., Figs. 68, 

64, and 65. — ^A beam 

supported at two 

points situated at a 

distance c within the 

extremities of the beam, with equal overhanging portions, 

and loaded at the centre and ends with concentrated loads 

each equal to W. 




FiO.63. 



Fio. M. 



Fio. 66. 
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The bending moment at each support is Wc, as in an ordinary 
cantilever. This downward bending moment produces an up- 
ward bending moment between the supports, which is uniform 
throughout the length Z, and also equal to Wc, The central 
load produces a downward bending moment, which, in the centre 

WZ 
of the beam, is -— , so that the actual bending moment in the 

4 

centre is — 



M = - Wc + 



WZ 



The shearing stress is uniform throughout the length Z, and is 

W 
equal to _ ; and throughout each of the overhanging portions, 

as in the ordinary cantilever, the shearing stress is W ; hence 

W 8W 
the pressure on each support is W + — = -r-* 

The diagrams of bending moments and shearing stresses are 
therefore as shown in Figs. 64 and 65, from which it may be 
observed that at the points a and h there is no bending moment. 

Case XIII., Pig. 66, 67, and 68.— A beam supported in a 



I 




Fio. 66. 



I Fig. 67. 



Fzo. 68. 



similar manner to that described in Case XII., but loaded with 
a uniformly distributed load of w per unit of length (Fig. 66). 

The bending moment at each support is -^, as in an ordinary 

cantilever loaded uniformly; this downward bending moment 
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produces a uniform upward bending moment between the 
supports, which also equals -— . 

The load between the supports produces a downward bending 
moment, which at the centre of the beam is — , so that the 
bending moment in the centre of the girder is — 

\cc?' ivl 

The shearing stress for the cantilevers is tvc at supports, and 

wl 
for the length I is - > therefore the pressure on each support 



IS- 



wc + 



wl 



vp«r unit oF 




Fig. e9. 






^ 



Fig. 70. 



The diagrams of bending moments and shearing stresses are as 
shown in Figs. 67 and 68, It may be observed here, as in 
Case XIL, that at a and b there is no bending moment ; these 
points are known as points of inflection or contra-flexure. 

Case XIV., Fig. 
69, 70, and 71.— 
Beam supported at 
two points situated 
at a distance I from 
each other, with an 
overhanging por- 
tion. The beam is 
loaded with a uni- 
formly distributed 
load of w per unit 
of length over the 
distance Z, and with a load W concentrated at the extremity of 
the overhanging portion. 

The bending moment at the end support is zero, and at the 
other support Wc. The latter bending moment produces an 
upward bending, and- diminishes uniformly from the support, 
where it is a maximum, to the end, where it is zero. The 
uniform load produces a downward bending moment, which is 



Fig. 71. 
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8 



in the centre of the portion of length L The resultant 



bending moment in the centre of this portion is- 

8 "■ 2 



ul 



The shearing stresses over the supports are each - . The 

shearing stress to the right of the intermediate support is W, 

and the pressure at the support is W + — . The distribution of 

bending moments and shearing stresses is sho^wn in Figs. 70 
and 71. 

Belation between the Bending Moments and Shearing Stresies. — 
If M and Mi denote the bending moments at. two sections of a 
beam at a distance 
m from each other, 
and if S denote the 
shearing stress at 
the section where the 
bending moment is 
M, then, if w is very 
small — 

Ml- M 

m 

Consider the case of a cantilever loaded at its extremity 
(Fig. 72). 

Ml - M = Wm 
Mi-M 




i» - nt^-tf- — r — 



Fig. 72. 



(^ 



= s 




' Fio. ?3. 



m 



= W = S 



If the load is distributed uniformly over its length, then— 



W3? 



w 



w 



M = -; Ml = . (a: + m)2 = -(^' + 2xm + vi^) 
^2 2 

and since m is a very small quantity its square may be neglected, 
and — 

M. -M ^ 

VI 

If the load is uniformly distributed over a beam supported 
at both ends — 
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w 



Where x is the distance from either abutment — 

w 
Ml =-{(te + m) - (oj* + 2xm + m^} 

and neglecting tn? as before — 

Ml =r-(Za; + Im - 05* - 2a?;;i) 

m 2^ 

If we differentiate the equation of bending moments, we 
obtain the equation of shearing stress, thus — 



and generally it may be proved that 




>k*- JTf t -AX- # 





dx 



= S 



Fig. 74. 

point with a load W, Fig. 74. 



Consider the case of 
a beam supported at each 
end, and loaded at any 



X 



Here M = EiOJ - S W(a; - a) 



o 



X 



and M + AM = Ei(a; + Aa:) - S W(a; - a + Ax), nearly 

o 



X 



Hence AM = BiAx — S WAa;, nearly 







^ AM dM ^ J^^ 
and— - = -y- = Ri-2W 

/^x ax 



S 



o 



If we consider the shearing-stress diagram in Case I., we 
see (Fig. 27) that the area is Wc, which is equal to the maximum 
bending moment, Fig. 78 ; also the area of any portion at a 
distance x from the end of the cantilever is Wo;, which is the 
corresponding bending moment at the section at the distance x 
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from the end of the cantilever. In Case II., the area of the 



c wc^ 



whole diagram of shearing stress, Fig. 30, is wc x - = ~ , i.e. 

the maximum bending moment ; also the area of the portion 
included between the section at a distance x from the end i& 

t(7ir X - = -^, i.e. the bending moment at that section. 

In Case YI., the area of the rectangles on either side of the 

centre is o ^ o ^ T» ^'^* ^^^ bending moment at the centre. 

In Case YII. the same relationship exists, and the area of 

the rectangles on the left of the load is equal to that on the 

right, viz. — 

Wm Ww 

— — X w = -T- X m 

V V 

i.e. the bending moment at the point of application of the 
weight. In Fig. 69, the area of the shearing to the left of a 
is 18 X 4 = 72, and to the left of 6 is 18 x 4 + 9 x 6 = 117. 

In Cases XII. and XIII., the areas of the diagrams, Figs. 
65 and 68, between a and &, equals the bending moment in the 
centre, and the areas of each of the diagrams from the point& 
of contra-flexure to support is equal to the bending moment at 
the support. 



CHAPTER V. 



MOMENT OF RESISTANCE — INTENSITY OP HORIZONTAL AND VERTICAL 

SHEARING STRESSES. 




Fig. 76. 



We have seen that when a beam is bent as in Fig. 75, the 
neutral layer is unchanged in length, and it may be proved 
that the layers on either side of it are lengthened or shortened 
in proportion to the distance from the neutral layer. It is 

assumed that the axis 
of the beam when 
unloaded is hori- 
zontal, and the loads 
producing bending 
act at right angles to 
the beam. The effect of the loading is to cause the beam to 
Assume a curved form, and sections of the beam which were 
parallel in the unloaded beam converge towards the centre of 
^curvature in the loaded beam. 

Let B = the radius of curvature in the loaded beam. 

a = the elongation per unit of length of the fibre 

situated at a distance y^ from the neutral layer. 
I = the distance between two normal sections of the 
unloaded beam assumed to be indefinitely near 
to each other. 
Then the fibres at a distance of y from the neutral axis 
will be extended by an amount al, and the length between two 
normal sections will be Z + al, and by similar triangles we 
have — 



R+j/i ^l -h al 
E ~~E~ 



l+|=l+a 



B 



= a 



and if ^2 denote the distance from the neutral layer to another 
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layer of fibres, and a^ the extension or strain per unit of length, 
then — 



E 



= a2 



and therefore — 






. /!^bM^2ni.4-ci% 



I.e. the strain is proportional to the distance from the neutral 
axis. 

We may represent this law graphically as in Fig. 76, where 
ac equals the strain at the extreme fibres, ah the depth of the 
beam, and aV the strain at the layer of 
fibres situated at a distance y^ from the 
neutral layer or axis. Hence it follows 
that the resistance which a layer of 
material will offer to the stresses developed 
in it will be proportional to the distance 
of the layer from the neutral axis; also 
that the neutral axis corresponds with the 
centre of gravity of the section, provided 
that the elastic limit of the material is not 
exceeded. 

If/ denote the intensity of stress at a 
distance y from the neutral axis, and /i denote the intensity 
of stress at a distance y^ from the neutral axis, then — 

if 

The moment of resistance of a layer is equal to its direct 
resistance multiplied by its distance from the neutral axis ; 
hence if h equal the breadth of the layer at a distance ^1 from 
the neutral axis, and dy its thickness, and /i its greatest resist- 
ance to stress within the elastic limit of the material, then 
the moment of resistance of the layer is — 
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hdy X yi x/i = bfiyidy = 



¥}L^dy 

y 



and, since this will be true of every section, the moment of 
resistance of the whole section is, if h is constant — 
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-f^idy, or -/ y^dy 

y y J .^y 

(y 

but h^yxdy or h I 'fdy = I 

where I denotes the moment of inertia of the section with 
reference to the neutral axis. Therefore the moment of resist- 
ance is equal to — 

y 

This formula i&r true of any section of any material proyided 
the value of/ does not exceed the elastic limit of the material. 
If the beam is loaded till it is at the breaking-point, the formula 
is no longer true, as the strains produced are not proportional 
to the stresses producing them, and the neutral axis does not 
coincide with the centre of gravity of the section. 

If M denote the bending moment which produces fracture, 
then the equation between the bending moment and moment of 
resistance is generally written thus — 

M=i5 (1) 

from which is obtained — 

/ = ^ (2) 

This is an empirical formula, and /is termed the modulus of 
rupture, or coefficient of transverse strength. The value of / is 
not the tensile strength of the material, as may easily be proved 
by breaking rectangular beams of known dimensions in the 
testing-machine, and calculating/ from equation (2). 

In the case of wrought iron, cast iron, and steel, the value of 
/ thus obtained will be greater than the tensile strength of the 
material. Sir B. Baker proved that in the case of steel and 
wr ought-iron beams of rectangular section, the value of /is 70 
per cent, in excess of the tensile strength of the material. 

If an ordinary rolled iron or steel girder be broken in a 
similar manner, the value of / will be smaller than in a solid 
rectangular section, but still greater than the tensile strength of 
the material. In a well-proportioned wrought-iron or steel- j 
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built girder this difference between the value of the modulus of 
rupture and the tensile resistance of the material is so small 
that it is generally neglected in calculating the moment of re- 
sistance of the section, which is then taken as the moment of 
resistance of the flanges, the web not being considered with 
reference to resisting bending. The web is designed to resist 
the shearing stresses only. 

The reason why the modulus of rupture exceeds the tensile 
strength of the material is probably due to the plastic flow 
which occurs after the elastic limit has been passed. The 
extreme fibres in stretching are partially relieved of stress, 
which is transferred to the layers of fibres nearer to the neutral 
axis of the section. The neutral axis therefore cannot coincide 
with the centre of gravity of the section under these circum- 
stances, but must move farther away from the most strained 
fibres until the point of rupture is reached. 

Sir B. Baker has shown, by the results of a large number of 
experiments on steel rails, that the tensile strength may be 
deduced from the modulus of rupture thus — 

Let A = the area of the section tested, such as a rolled 
girder, rail, T or bulb iron. 
Ai = the area of a rectangle of the same depth as the 
section tested, but of a breadth equal to the 
widest flange. 
t = the tensile strength of the material, wrought iron 
or steel. 
Then in the case of solid, rectangular, or square sections — 

/= ^n + — j = tensile strength 
For other sections — 

If, however, the elastic limit of the material is not exceeded, 
the equation / = -z^ is a rational formula, and may be used to 
determine the intensity of stress at the extreme fibre in any 
section. The value of - has been termed the modulus of the 

y 

section, and may be found when the moment of inertia and the 
distance y are known. 

F 
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Yuft rectangnlar aectioiiB the moment of inertia about an axis 
passing through the centre of gravity of the section may be 
proved to be — 

I = ^hd?^ 

where h = the breadth and d = the depth of the rectangle. 

For a square section it is ^^^^ where d s the side of the 
square. 

The moment of inertia about an axis passing through one 
end of the rectangle is — 

I = \hd?} 

The moment of resistance of rectangular beams is therefore — 

2 

/I 
For square beams, ~ = ^f. 

The moduli of the sections are |6tP and ^ respectively. 
For lymmetrical leotions the moment of inertia may be found 
thus. 

The section should be divided up into rectangles and 
dimensioned as indicated in Fig. 79, and, since the moment of 
inertia of a rectangle about an axis passing through its centre 

^ AboQt an axis pasBiiig through the centre of gravity (Fig. 77). Let x denote 
the distance of an elementary portion of the section from the axis ; let dx denote its 
thickness. Then the area of the element is 6 . dx, and its moment of inertia 
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& . ds X 2;^ since dx is indefinitely small. The moment of inertia of the whole 
beam i»« 

d 



= 6 I a;»daj = 



6d» 



12 

2 
Abont an axis passing through one end (Fig. 78} — 



-/: 



1 = 6 I x«dx= — 
o 
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of gravity is ^bcP, the moment of inertia of the whole section 

For nnsymmetrical seotioiiB the moment of inertia may be 
found thus. 

The section shoold be divided up into rectangles and dimen- 
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Bioned as indicated in Fig. 80^ and, since the moment of inertia 
of a rectangle about an axis passing through one end is ^^^ the 
moment of inertia of the whole section is — 

I =J{a(A« + P) + h{? - h^) + c{f - t^) + d{]e -/) + c(/7i^ - P) 

As an example of a symmetrical section, take a rolled iron 
girder, 12^ x 6" x i", as shown in Pig. 81. 
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The girder should be dimensioned as shown in Fig. 82, then 
the moment of inertia may be written down as follows : — 
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I = Vj{'5(11)' + 6(12^ - li^} = 254 nearly 
The 'moment of resistance may be found thus — 

f\ 254 
Moment of resistance ='^= -r- x /= 42'3/ 

y 6 

If/ be taken as 5 tons per square inch — 

Moment of resistance = 42*3 x 5 = 211*5 inch-tons 

If it is desired to know the greatest load it will safely carry 
uniformly distributed over a span of 12 feet, we proceed as 
follows : Let W denote the total distributed load. The bending 
moment is — 

-^-^=^?^i^4^? = 18W inch-tons 

.-. 18W = 211-5, and W == 11*75 tons 

11*75 
The maximum shearing stress is —z — = 5*87 tons ; and the 

5*87 
intensity of shearing stress is --- = 1 ton (about) per square 

inch. 

If we require to know the maximum intensity of stress 
produced by a central load of 5 tons, we have — 

^^ = 42-3/= ^^^ = 180 

4 *^ 4 

:. /= -— = 4*2 tons per square inch (nearly) 

2*5 
The maximum intensity of shearing stress is -— = *45 tons 

5*5 

per square inch. 

Moment of Besistanoe of Built (Hrders. — In plate web girders, 
consisting of horizontal flange plates united to a thin vertical 
web-plate by means of double angles top and bottom riveted 
to both the web and the flanges, the moment of resistance of 
the web-plate is very small compared with that of the flanges, 
and may be neglected without causing any serious error. In 
box girders, in which there are two or more web-plates, the 
webs should be considered by finding the moment of inertia and 
using the equation — 

fl 
Moment of resistance = -— 

y 
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In lattice girders the moment of resistance is usually 
calculated on the assumption that the flanges resist the bending 
stresses, while the web resists the shearing stresses as in the case 
of plate web girders. The moment of resistance in such cases 
may be expressed as follows : — 

Let / = the intensity of working stress, generally taken as 
the working tensile stress. 
a=rthe area of the tension flange after deducting for 

rivet-holes. 
d = the effective depth of the girder. 
Then we have — 

Moment of resistance = fad 

The bottom flange is designed by means of the above equation, 
and the top flange is usually made similar to it in every respect. 
The effective depth of the girder is generally taken as the 
distance between the centres of 
gravity of the top and bottom < 

flanges whenever the flanges of ^p^'^il 
the girder consist of both hori- 
zontal plates and angles; but 
when there are no horizontal 
plates, and the angles form the 
flanges, the effective depth is 
more correctly measured between 
the centres of the rivets uniting 
the web to the flanges. 

Fig. 88 represents a plate web 
girder, which will be used as an 
example of the foregoing method ^ y 

of finding the moment of resist- ' ^' C O 

ance, thus — fio. 83, 

The area of the tension flange, 
after deducting two rivets 1 inch diameter, is— 

Three plates = 3(12 - 2 x l)i = 15 square inches 
. Two angles = 2(7 - IH = 6 square mches 

. • . A = 21 square inches 
The effective depth measured between the centres of gravity 
of the flanges is 1-5 foot. The working stress may be taken at 
5 tons ; then — 
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Moment of resistance =^fad = 6 x 21 x 1*6 = 157'5 foot-tons 

The safe distributed load on such a girder on an effective 
span of 16 feet is found thus — 

WZ Wxl6 ^_ _^^ 
—^ = — = 2W = 157'5 

/. W = 78-75 tons. 

This weight may be carried without the intensity of stress 
exceeding 6 tons on the flanges, provided that the girder is 
properly designed in other respects. 

As an example of an unsymmetrical section, take a cast-iron 
girder of the form and dimensions shown in Fig. 84. 
Let Ai = area of top flange = 5 x 1^ = 7*5 square inches. 
A2 = „ bottom flange = 15 x 2 = 30*0 square inches. 
A3 = „ web = 17*5 X 1*75 = 80*625 square inches. 
X = distance of the centre of gravity of the section from 

the bottom edge of the bottom flange. 
Xx = distance of the centre of gravity of the top flange 

from the same edge, 
fl^ = distance of the centre of the bottom flange from the 

same edge. 
a?s = distance of the centre of the web from the same edge. 

aj(A^ -f- A2 + A3) = AiOJi -f- k^c^ + Agaja 

»(68*125) = 7*5 X 20-25 + 30 x l-f- 30*625 X 10*75 

- 511*094 „ , 

= 7*5 



« = 



68*125 



The section of the girder should be dimensioned as indicated 
in Fig 85^ for the purpose of finding the moment of inertia 
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with reference to the axis passing through the centre of gravity, 
which may be now written down — 
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I = J^{1'75(12^ + ^-h"^ + 5(13-6^ - 12^) + 16(7-5 - 5-5")} 
= 1(3316156 + 3161-875 + 3832'5) 
= 3436-531 

In this case we haye the moment of resistance for the 

tension flange. 

,^ X / • X /«! Si X 8436-581 

Moment of resistance = •^— = -— ; 

Vt 7-5 

The moment of resistance of the compressiye flange is — 

TVT * f • ^ /d /c X 3436-531 
Moment of resistance = '^— = 



2/c 13-5 

If we allow 2^ tons per square inch as the maximum 
intensity of safe tensile stress on the extreme fibre, we haye — 

1^ . * * 2-5 X 3436-531 ,,^^^. , ^ 

Moment of resistance = =— = 1145-5 mch-tons 

7-5 

If we allow 7-5 tons per square inch as the maximum 
intensity of compressiye stress, we haye — 

X * . X 7-5 X 8436-531 ^^^^ . ^ ^ 

Moment of resistance = — — = 1909 inch-tons 

13-5 

Hence since the moment of resistance of the tension flange 
is smaller than that of the compression flange, we must equate 
the former with the bending moment. The strength of cast- 
iron beams is, howeyer, usually calculated by the following 
formula, which neglects the area of the web ; thus — 

Let / == the mean intensity of stress on the bottom or 
tension flange. 
a ^ the area of the tension flange. 
d = the depth measured between the centres of grayity 
of the flanges. 
Then- 
Moment of resistance =fad = 80 x 19-25/ =» 577-5f 

Beferring to Fig. 85, it will be seen that if 2*5 tons is the 
maximum intensity of tensile stress at the extreme fibre, the 
intensity of stress at the inner edge of the bottom flange is — 

2-5 X 5-5 

= 1-83 tons per square inch 

7*5 
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The mean intensity of stress is therefore — 

2-5 + 1-83 -_. . , 
= 2'16 tons per square inch 

Hence moment of resistance = 577*5 x 2*16 = 1247*4 inch- 
tons, which is slightly greater than before. 

The ultimate resistance of cast iron such as would be used 
in girder work is as follows : — 

Tension ... ... ... ... 9 tons per square inch. 

Compression ... ... ... 43 „ „ 

Sbeftring ... ... ... ... 8^ „ ,, 

It follows, therefore, that in cast-iron beams of similar pro- 
portions to the one shown in Fig. 84, the tension flange will 
always be the weaker of the two. If the area of the top flange 
is diminished, so that the moment of resistance in compression 
is more nearly equal to that of the tension flange, the form of 
the section will not be so suitable for casting, as the thinner 
top flange will cool first, and there will be a danger of a flaw 
in consequence of the subsequent contraction of the thick 
bottom flange. For the same reason the web is made tapering, 
and of a thickness equal to that of the flange it joins. Again, 
the flanges are tapered so as to draw easily from the sand. 
The thickness of the web is always greatly in excess of that 
necessary to resist the shearing stresses, and feathers or stiffeners 
should be avoided. The top flange, if reduced to the size 
required by theory, would probably buckle laterally. 

If the span of the girder, measured between the centre of 
its bearings, is 21 feet 6 inches, what is the greatest safe load 
it will carry uniformly distributed over its length ? 

Here — 

WZ W X 21-5 X 12 „^ ^^^ 

— = ^ = 32-25 W = maximum moment of 

resistance 

If moment of resistance = 1146 inch-tons 

32-25W = 1146 

•'• ^ = 82^ = ^^'^« *^^« 

The greatest shearing stress will occur over the supports, 
and is — 
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85-53 ,^„. 
— T— = 17-76 tons 

If the beam is of uniform depth and the flanges of uniform 
width, the maximum intensity of shearing stress is — 

17-76 17-76 



area of web 30-625 



= -58 tons per square inch 



The beam may be varied in depth by curving the upper 
flange, or the width of the flanges may be varied, or both. 
If the safe intensity of working stress in shear is 1 ton per 
square inch, the depth over the supports may be reduced 
thus : where d denotes the reduced depth, and 1-75(2 the area 
of the web — 

1776 ^ 

V75d " 
.-. cZ = 10 inches 

The modulus of the section of any material depends upon its 
form and dimensions. In symmetrical sections the relative 
resistance to bending per unit of area, in regard to a plane 
perpendicular to the axis about which the moment of inertia 
has been calculated (the axis passing through the centre of 
gravity of the section), may be found by dividing the modulus 
of the section by the area of the section. In unsymmetrical 
sections the same applies, if we remember that the distance 
from the most strained fibre must be that which will give the 
smaller moment of resistance. 

We have seen that the resistance of a layer of fibres is 
directly proportional to the area of the layer and to the distance 
from the neutral axis. If the resistance of the fibres at the 
extreme (or most strained) layer be denoted by unity, the 
resistance of the other layers may be represented graphically 
by drawing lines across the section, the lengths of which are 
reduced in the ratio of their distances from the neutral axis. 
In the case of the rectangle. Pig. 86, the lines are enclosed by 
two triangles, which represent the equivalent figures of uniform 
stress on the assumption that the stress is constant and the 
section varying, and the modulus of the section is equal to the 
area of one of the triangles multiplied by the distance between 
the centres of gravity of the triangles. 

If a denote the area of one of the triangles, and di the 
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distance between the centres of grayity, we have the modolns of 
the section, M, thus — 

Area of triangle = -7 ; and di = — 



8 



.'. M =■ kdi = — -, as before 



If the same method be applied to a circular section, the 
I 





Fig. 8T. 



Fio. 86. 



figure of uniform stress will be as shown in Fig. 87. The points 
through which these curves are drawn are found thus : Lines are 
drawn across the circle, such as ah^ and perpendiculars let fall 
from their extremities, such as hd and ac^ on to a horizontal 
line drawn through the top of the section ; c and d are then 
joined to o, intersecting ah in a! and h' ; a! and h' are points in 








« ^ 1 1. , t 





Fig. 88. 



Fig. 89. 



Fig. 90. 



the curve of uniform stress. In a similar manner other points 
in the curves may be determined. Figs. 88 to 96 show the same 
method applied to other symmetrical sections. 
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In the case of tmeymmetrical sectionB, such as a rail, Fig. 97, 
proceed as follows : Find the centre of gravity of the section, 







; draw a line db parallel to the line cd, and at a distance from 
o equal to op. Since cd is nearer to o than ef, it will offer a 





correspondingly smaller resistance, which is found by joining a 
and b to o, and noting the interaeotionB c* and d' with cd. In 



/I \ 

T \\ 




Bimilar manner other points in the figure are determined. 
igs. 98 to 101 show other nnsymmetrical sections. 
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Sir Benjamin Baker suggested ^ thai the areas of the shaded 
portions may be obtained by catting them out from a sheet of 
some material of uniform thickness and weighing them against 
strips of the same material one inch wide ; thus, if zinc is the 
material, and a strip 10 inches long by 1 inch wide is used, 
pieces may be cut off and placed in the scale until an exact 





Fio. 100. 



Fio. 101. 



balance is obtained ; the remainder subtracted from 10 inches 
gives the required area in square inches. The centres of 
gravity may be obtained by balancing each shaded area on a 
knife-edge. The accuracy of the work is proved by the equality 
of the two shaded areas on each side of the neutral axis, as 
demonstrated by weighing one against the other. 

The following tables give the dimensions, weights per foot, 
and moduli of section of some wrought-iron and steel girders 
made by a few well-known manufacturers. The central break- 
ing weight for any span may be found by the following equation 
as given in the beginning of the chapter : — 

/J = wz 

or, for a distributed load — 

y 8 

where W includes the weight of the girder, I being the span in 
inches. 

The value of/ may be taken at 22 tons for iron, and 28 tons 
for steel. 

The strength of the steel girders manufactured by Messrs. 
Dormon, Long and Co., as given in their circulars, are calcu- 
lated with 32 tons as the value of /. 

* Proc, Intt. CJI., vol. Ixii. p. 251. 
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Bistributioii of Shearing Streues. — We have seen that when 
a beam is loaded as in Figs. 20 and 21, horizontal and veriiical 
shearing stresses are developed. 

If a rectangular prism of area A is subjected to a compres- 
sive force W along its axis (see Fig. 102), 
the intensity of stress, j>, on a section 
normal to the axis is — 

On any oblique section, such as a&, 
inclined at any angle a, the intensity of 
stress may be found by resolving W along 
and perpendicular to a&, and dividing 
by the area of the section over which the 
stress is distributed, thus — 

Along aft, X = W sin a 
Perpendicular to a6, Y = W cos a 

Area a{) = A sec a 

Therefore the intensity of stress is — 

Along a&, W sin a cos a 
Perpendicular to a6, W cos^ a 

If we consider the intensity of stress on a section at right 

angles to a&, we have only to substitute x — a for a in the above 
equations ; thus we have — 

Along section, W sin a cos a 
Perpendicular to section, W sin'* a 

Hence the intensity of stress along two sections at right 
angles to one another is the same. 

The greatest shearing stress will occur when W sin a cos a 

is a maximum, i.e. when a = 7' ^^ — 

w(f)'=f 

If we consider a cantilever loaded as shown in Fig. 108, 
the tensile and compressive stresses in the upper and lower 
flanges acting on a panel oihci will produce equal and opposite 
reactions at the junction of the web with the flanges in the 
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direction c to d and a to 2^, forming a couple the moment of 
which, if H denote the forces and x the depth of the cantilever, 
is H«. This couple tends to produce rotation of the panel 

ahcA ; hence there must be de- 
veloped a couple tending to 
produce an equal and opposite 
rotation, as c to & and a to d. 
If y denote the forces and y the 
arm of the couple, the moment 
is Vy. The intensity of the 
stresses on the sections ah and cd at right angles to each other 
will equal the forces divided by the areas over which they are 
distributed; thus, if h, and v denote the intensity of the 
stresses — 

fe = ?, and r = - 
y « 

therefore, since H« = V^^, hyx = vyxy and )i = v. Hence the 
intensities of shearing stress on two planes at right angles to 
each other are equal, and if one is measurable, the other is 
known. 

Let us consider the distribution of shearing stress on a solid 
beam of rectangular section, supported at both ends and loaded 
(Figs. 104 and 105). 
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Fio. 104. Fio. 106. 

Let M = the bending moment of section aceg. 
Mi= „ „ „ hdjh. 

m = the distance between the sections aceg and hdfh. 
Generally Mi will be greater than M. 

Let yi = the distance of the top layer cib from the neutral axis, 

and y the distance cd. 
b = the breadth of the beam. 
The mean intensity of stress at a, due to bending moment M, 

is yyi; at c, yy; at b, -~yi ; at d, -^y. The mean intensity 
of stress on bd is — ,^(yi + y) ; and on ac is —(y^ + y). 
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The total force with which the portion hd is pushed towards 
€Lc is equal to the difference between the mean intensities of stress 
multiplied by the area over which it is distributed, viz. — 

—^ — (yi + y) X (^1 - 2/)& = -'-J -{y^ - f)h 

The intensity of shearing stress along cd is equal to this force 
divided by the area of the portion cdy i.e. nib. Therefore the 
intensity of shearing stress along cd is — 

But if S denote the total shearing stress on the section 
bdfky it has been shown that — 

m 

g 

/. Intensity of shearing stress = — z (yi* — y^ 

The maximum intensity of stress occurs along the neutral 
axis, where y ^ o, and is — 

I 
In rectangular beams yi = -, and I = t;; , hence the maximum 

intensity of shearing stress is— 

3S 
2bd 

Fig. 106 represents the distribution of direct and shearing 
stresses on a beam of rectangular section. 

The shaded area, abed, is a graphical representation of the 
intensity of shearing stress at a distance y from the neutral 
axis ; it equals — 



Tt d , 68 /d* ePN 5S 
If y = -, we have — f — — — 1 = — 

,, d ' 68/(P d» \ 48 

ii w = — , we nave — i — — — = — 

J 6' %PW 36/ SM 
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The carve representing the distribution of shearing stress is 
a parabola, the ordinates of which are shown in Fig. 106. 

The foregoing investigation shows that the intensity of 

^ , horizontal shearing stress 

XZZM^SSJjJ^i' "r'\ is greatest along the plane 

of the neutral axis, and, 
from the equality of the 
intensities of shearing 
stresses on planes at right 
angles to each other, it 
follows that the intensity 
of vertical shearing stress 
must equal the intensity of 
horizontal shearing stress 
at every point in the beam. In timber beams the resistance 
to shearing along the fibres is so small, especially in spruce 
and pine timbers, that it is necessary to so proportion the 
section that resistance to shearing along the neutral axis is at 
least as great as the resistance to bending. This can always 
be done when the modulus of rupture and shearing resistance 
along the grain are known. 

If W denote the total load uniformly distributed over the 
length of the beam ; I the span, h the breadth, and d the depth 
of the beam ; / the modulus of rupture ; S^ the resistance to 
shearing along the grain ; then — 

_ 46dy ^ „ 88 3W 
W:= — ,andS. = 2,d = 4"i^ 



4MS* 

3 
4MS^ 



/. W = 

"'• 3i " 3 

ahd^ = ^^ 
I f 

If the load is concentrated at the centre, as is usually the 
case when beams are tested — 



d 
1 



28, 
f 



The values of S and / vary with the size of the specimen 
tested, being always smaller for large specimens than for small. 
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Professor Lanza has shown, by experimenting with spruce and 
yellow pine timber of large scantlings, such as are used in 
ordinary building construction, that the average values of / 
are — 

Forsprnoe 4451 lbs. per square inch. 

For yeUow pine 7486 „ „ 

The values of S^ in a large number of specimens, which failed 
by shearing along the grain, were — 

For spruoe 191 lbs. per sqnare ineh. 

For yellow pine 248 



i» »» 



These values for S^ are less than those obtained by direct 
experiments on shearing resistance, as in these cases the speci- 
men is compelled to shear at a particular plane, whereas in 
testing an ordinary beam failure naturally occurs along the 
plane of least resistance. In the experiments referred to, failure 
occurred as often by shearing along the grain as by direct tensile 
stress developed at the extreme fibre. Using the average values 
given, we have for spruce — 

~; = l^T^-i = ;»o for a distributed load 
I 4451 2d 

and — — for a central load 
lJL-5 

For yellow pine — 

7 = ^Qfi =^ .15 fo^ * distributed load 

and — for a central load 
lo 

These experiments are confirmed by those made at the Water- 
town Arsenal and by Professor Bauschinger. Australian timber 
of ordinary proportions is not likely to fail by shearing along 
the fibres near the neutral axis, except from the presence of gum 
veins. 

For ironbark timber — 

d 2000 1 

- = ^ = - for a distributed load 

and --- for a central load 
4*5 
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If the depth of the beams exceeds the proportion of the span 
given in the above examples, the beam may fail by longitudinal 
shearing along the grain ; if it is less, there will be no danger 
of shearing, and the strength of the beam will be proportional 
to its modulus of rupture. 



CHAPTER VI. 

BRIDOES AND VIADUCTS OF SMALL SPAN IN TIMBEB AND IBON — 

TIMBER PILE BRIDGES. 

In America, Australia, and New Zealand native timbers are 
largely used for the construction of highway and railway bridges, 
as well as in ordinary building construction, and there is reason 
to believe that they will continue to be used extensively in the 
future. Timber is also used more or less in other countries. 

The following examples have been selected to show how to 
design beam bridges, and as illustrations of the foregoing 
principles. 

Consider, in the first place, a road bridge over a small stream 
as shown in Figs. 107, 108, and 109. 

The bridge consists of three spans, each 30 feet from centre 
to centre, and the width of roadway is 16 feet. The abutments 
and piers are also of timber. Each span is formed with four 
beams spaced 5 feet centres across the bridge ; the two outer 
beams are 12 inches square, and the two inner beams are 17 
inches in diameter, adzed on the upper side and on the lower 
side at the ends where they rest upon corbels. 

The deck consists of timber boards 4 inches thick resting 
upon the main beams, and there is a timber hand-rail on each 
side. The strength of the bridge is calculated as follows : — 

Let w denote the load per square foot which the bridge will 
carry safely if distributed uniformly over the deck, then the 
total load on each inner beam is— 

5 xSO xw - 150m? lbs. 

The bending moment is — 
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150w X 80 X 12 
8 



= 6750?d? inch-pounds 




Fio. 109. 



The moment of resistance is — 

•7864EY 

If the timber is New South Wales ironbark, the value of 
/may be taken at 11,000 
lbs. per square inch, 
since the scantling is 
large and may not con- 
sist entirely of sound 
timber; for other Aus- 
tralian timbers, such as 
jarra and gums, / may 
be taken as from 6000 
to 8000 lbs. per square 
inch for such large 
scantling. 

The Boads and Bridges 
Department, New South 
Wales, usually allow a 
factor of safety of from 3 to 4 for such bridges, which gives 
for the best ironbark a maximum working fibre stress of 

11000 
"^;t~ = 8142 lbs. per square inch, say 8000 lbs. per square 

inch. Then the moment of resistance for a beam 17 inches in 
diameter is — 

0-7864 X 8^5^ X 3000 = 1,447,000 mch-pounds 

And the moment of resistance of the 12 x 12 beams is about 
half this amount, since the outside beams carry about half as 
much as the inner beams, hence — 

6750tt; = 1,447,000 
.'. iv = 214 lbs. per square foot 

The deck is usually made of tallow-wood, which is an 
•excellent timber for the purpose, and weighs 80 lbs. per cubic 
foot, or 20 lbs. per square foot 8 inches thick. 

The weight of the main beams and hand-railing is about 
'27 pounds per square foot of deck, leaving 187 lbs. per square 
foot for the live load. 
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These bridges, however, are supposed to carry two traction 
engines, each weighing 16 tons, on two wheels 10 feet 4 inches 
apart, bo that they are not unnecessarily strong, as would at 
first sight appear. 

If such a bridge were constmcted with pine timber beams, 
they would reqnire to be spaced closer together across the bridge, 
or the span reduced. 

The following table shows the sizes of girders used in the 
Boads and Bridges Department, Mew South Wales, for bridges, 
similar to the above : — 

Table XXI. 
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28' 0" 


One 6' 0" x 12' 
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<1mm 
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Two 6' r X 12' 
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17" „ 




It)' 






35' 0" 




X 12" 


18" „ 


13" X 12" 


1^0' 






40' 0" 








14" X IS" 


V(f 




ir X IS" 


45' 0" 


Two 9' 0" X 15' 


xl3" 




15" X 18" 


21' 


" 


16" X 13" 



As a second example, take a timber railway viaduct for 
a single line of way constructed over a considerable length of 
low-lying ground liable to floods near a river, which form the 
approaches to the main bridge over the river. If the founda- 
tions are fairly good, and the height of the rail-level above the 



ground is about 8 feet, a series of spans of 10-feet centres, 
such as shown in Figs. 110 and 111, will be found to be most 
economical. 

If the height of the rail-level above the ground be from 



Timber Road Bridge. 



91 



15 to 20 feet, it may be found to be cheaper to design for spans 
of 24-feet centres, such as shown in Figs. 112, 113, and 114. 
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Fio. 111. 

In each case an open deck is used, similar to the deck so 
largely used on American bridges. The sizes of the timber 
sleepers, if Australian timber is used, must be decided with 
reference to the most convenient sizes obtainable; thus it is 
easier to obtain a good durable sleeper 12 inches wide by 
7 inches deep from ironbark trees than one 8 inches square. 

Fig. 115 shows an American deck with ironbark sleepers 
suitable for the type of viaduct illustrated, and Fig. 116 shows 
a similar deck in which a central beam is used. The former 
would be suitable for an iron or steel bridge in which the plate 
web-girder stringers take the place of the main timber beams, 
we will therefore consider it more fully. 

The strength of the deck may be calculated as follows for 
Fig. 115: The maximum load on the driving-wheels of a 
locomotive does not generally exceed 16 tons per pair of wheels, 
therefore the weight on each wheel is 8 tons ; but since this 
weight may be increased on one side, and correspondingly 
reduced on the other, from the oscillation and plunging of the 
engine produced in various ways, it is assumed that the total 
maximum effect may reach 10 tons per wheel. 

At least three sleepers will take part in carrying the weight 
brought on any one of them, the sleeper immediately under the 
driving-wheel taking one half of this weight, and the sleepers 
on each side taking one quarter each, so that the maximum 
value for W, Fig. 115, is 5 tons. 

The bending moment is 7"5 foot-tons, or 90 inch-tons. 

The moment of resistance for ironbark, where/ = 14,000 lbs. 
per square inch since the section is comparatively small, is — 
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h^^ 12 X 49 X 14000 , ^„^ ^^^ . , 
-/= = 1,372,000 inch-pounds 



6 



= 612 inch-tons 



612 
Therefore the factor of safety is —— = about 6*8. 

^ 90 
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If Oregon timber is used, / will be about 7000 lbs. per 
square inch, and the section must be increased to 10 inches. 
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square with 10 inches space between sleepers, or 20 inches, 
centre to centre, in which case — 
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hd^f 10 X 100 X 7000 



6 



6 



= 1,166,666 inch-pounds 

= 521 inch-tons 
521 



Therefore the factor of safety is - = 5*8 nearly, 

J/vf 

The sizes of sleepers have been calculated on the assumption 
that only three sleepers carry the load on the driving-wheel ; 
this assumption is on the safe side, as the iron guard-rails and 
the timbers very probably distribute the weight over more than 
three sleepers. 

This kind of deck in America is usually constructed with 
8x8 timbers spaced 16 inches centre to centre, thus leaving 
an 8-inch space. The advantages of this deck over the ordinary 
close timber deck are as follows : The sleepers are spaced 
sufficiently close to allow the wheels of a carriage to run without 
sticking in the case of derailment ; and they are exposed on four 
sides to the air, and therefore dry uniformly and last a much 
longer time ; moreover, any defective sleeper can be readily seen 
and replaced. The timber guard-rail is a precaution against 
the effect of derailment, and serves to some extent in assisting 
to distribute the weight of the driving-wheels. The spacing is 
large enough to allow hot material from the engine to fall 
between the sleepers. The number and strength of the sleepers 
gives considerable lateral strength and stiffness to the structure, 
enabling it to resist wind pressure and oscillations. The 
8-feet spacing of the main beams ensures an elastic road and 
easy running. 

The strength of the main beams in the 10-feet spans of the 
viaduct will now be considered. 



mtbuu. 




Fig. 117 shows the position and loads produced by the 
three wheels of a heavy consolidation, mogul, or other engine 
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with axle loads of 12 tons. The maximum bending moment 
occurs at the centre of the span, and is — 

18 X 6 - 12 X 4-5 = 86 foot-tons = 432 inch-tons 

The dynamic effect of the live load will increase this bending 
moment by about 80 per cent., so that it may be taken as 562 
inch-tons, or 46'8 foot-tons. 

The equivalent uniformly distributed load which will pro- 
duce the same moment in the centre of the beam is found 
thus — 

= 46*8 /. ;r = - - — - - = 8*75 tons per foot run 



8 10 X 10 

The dead load, consisting of main beams, sleepers, rails, 
guard-rails, and guard-timbers, is about 0*25 ton per foot run, 
so that the totally equivalent uniformly distributed load may 
be taken as 4 tons per lineal foot, and the maximum bending 
moment is — 

= 50 foot-tons, or 600 inch-tons 

• 8 

The moment of resistance of two Ibeams of ironbark timber, 
each 12 by 12 inches, is — 

2>LlA|_12j</=576/inch.ton8 

If/ is taken as 5'5 tons per square inch, which may reason- 
ably be expected from good ironbark timber, the moment of 
resistance is 8,168'0 inch-tons, and the factor of safety — 

^'^^ = 5-28 



600 

The factor of safety is quite sufficient for such a structure 
of ironbark timber. 

Figs. 118, 119, and 120 illustrate the standard pile-trestle 
on the Toledo, St. Louis, and Kansas City Bailroad.^ The 
sleepers are 9 feet long x 8 inches wide x 6 inches deep, and 
the guard-rails 6 inches x 6 inches, notched 1 inch over sleepers. 

^ ^'Tireatise on Wooden Trestle Bridges," bj Wolcott G. Foster. Pablished hj 
J. Wilej and Sons, New York. 
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The main beams or stringers are arranged in groups of three 
under each of the rails, and are 7 inches wide X 16 inches deep 
on a span of 15 feet. 

Cast-iron separators 4 inches thick are arranged between 
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the stringers over the caps, and the stringers are protected 
with sheet iron 30 inches wide, as shown in Fig. 119. The 
caps are 14 feet long x 12 inches x 12 inches, notched 1 inch 
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over the four piles, and the sway braces are 10 inches x 8 inches. 
On the Pennsylvania Bailroad the sizes of the stringers used 
are given in the following table : — 
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Table XXH. 



Clear spftn In feet. 


Number of pins under 
each rail. 


Width of each piece 
in inches. 


Depth of stringer in 
Inches. 


10 
12 
14 
16 


2 
2 
2 
3 


8 

8 

10 

8 


15 
16 
17 
17 



The stringers are generally long enough to extend over two 
trestles, and should break joint, and should be securely fastened 
to the caps by means of drift-bolts. 








Fro. 121. 
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Fig. 121 shows the method of connecting the stringers over 
the caps adopted in the Penn- 
sylvania Bailroad, in which 
the tendency of the joint, 
when it settles under a weight 
through the support becoming 
weakened, is to close at the top and to open at the bottom. 
This arrangement provides most material where there is the 
greatest liability to split. The packing strips are notched over 
the caps as shown. On the Chicago, Milwaukee, and St. Paul 
Bailroad, the standard pile-trestle in 1890 had six stringers in 
two groups of three, each 16 inches deep x 8 inches wide, on a 
span of 15 feet 9 inches, and two outside stringers each 16 
inches deep x 6 inches wide. The dimensions of the stringers 
will depend upon the character of the timber available, and the 
train loads. 

With an equivalent uniform load of 8*5 tons per foot run. 
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allowing for the dynamic effect of the live load, and stringers 
16 inches X 8 inches on a span of 15 feet, we have — 

3*5 X 15 X 15 
Bending moment = r— - = 98*48 foot-tons 

= 1181 inch-tons 
The moment of resistance of the six beams is — 

6 X 8 X 16 X 16 , ^^,^^ 
Moment of resistance = J = 2048/^ 

For white pine or spruce Professor Lanza recommends / = 
8000, and the experiments of Mr. Onward Bates on white pine 
stringers ^ show that this value is about correct ; hence — 

Moment of resistance = 2048 x 8000= 6,144,000 inch-pounds 

= 2743 inch-tons 

Therefore the factor of safety would be — 

^ = 2-3 
1181 

For yellow pine / = 5000, and the factor of safety is 3'83. 
For Oregon fir /= 6500, and the factor of safety is 5'4. The 
latter value of the factor of safety may be considered sufficient, 
but it is clear that American engineers do not use large factors 
of safety in their timber structures. 

There are two distinct classes of timber trestle piers — (a) 
framed trestles, (6) pile trestles. 

Framed trestles consist of square timber framed together ; 
they are usually built upon a foundation of some kind, which 
may be a pile foundation, masonry, concrete, grillage, crib, 
solid or loose rock. 

Framed trestles are provided with a sill which rests upon 
the foundations, and, in order that decay may be delayed as 
long as possible, the sill should be above the ground, and not 
covered with earth. 

Framed trestles are used for almost any height, but they 
are exclusively used for lofty timber viaducts. 

Pile trestles consist of two or more piles surmounted by a 
cap. When the height is less than 10 feet sway bracing is not 
used ; above this height sway braces are used, bolted to the cap 

* Tran$, Amer. Soe, C.E,, NoYember, 1890. 
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and to the piles at their intersection. Pile trestles rarely 
exceed 80 feet in height ; from 10 to 20 feet the outside piles 
are driven with a batter of from 1 to 3 inches per foot. 

The timber used for piles should be straight and sound, free 
from wind-shakes, wanes, large loose black or decayed knots, 
cracks, worm-holes, and all descriptions of decay, and should be 
stripped of bark ; they must be cut off square at the butt, and be 
properly sharpened. 

Piles of Australian hardwood, which is liable to decay at the 
heart, should be free from large pipes. 

The heads and feet of piles should be protected before 
driving, if they are liable to be injured by the hammer or ram. 
A wrought-iron ring is generally used at the head, and some 
form of iron shoe at the foot according to the nature of the 
material into which the pile is driven. Timber piles for viaducts 
are usually driven by a drop-hammer or ram, other methods 
will therefore noi be considered. An upright frame is used 
with a pulley at the top, over which a rope passes which 
supports the hammer or ram. The frame consists of two 
uprights called leaders, from 10 to 60 feet long, placed about 2 
feet apart, which guide the falling ram. The weight of the ram 
varies from 500 to 7000 lbs., but is usually about one ton, 
and it is provided with grooves or guides to fit the guides. The 
rope is usually wound up and the weight raised by a steam- 
engine, but horses may be used hitched directly to the end of 
the rope, or men may be employed working a windlass or pulley 
directly at the rope. There are two methods of detaching the 
weight, ix. letting the ram fall (a) by means of a nipper, (&) 
by means of a friction clutch. 

A pile is considered to be sufficiently driven if the penetra- 
tion from the last five blows with a ram weighing 2000 lbs. 
falling 25 feet does not exceed 5 inches. Heavier rams with 
smaller falls give better results, such as at Brooklyn, where a 
ram weighing 6720 lbs. was used falling 8 feet. 

The bearing power of piles may be considered in the follow- 
ing manner — When a pile rests upon a hard stratum it should 
be treated as a long column, and its bearing capacity may be 
inferred by means of the tables, pp. 87, 88, and 89, Chapter II., or 
it may be calculated by means of formulae such as those given 
in Chapter XII. The safe bearing pressure on a pile driven into 
a yielding stratum may be found in the following manner : — 
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(a) By considering the relationship between the supporting 
power and the length and size of the pile, the weight of the 
ram, height of fall, and the distance the pile was moved by the 
last blow. The pile is assumed to be driven under ordinary 
conditions; the head, if broomed or battered unreasonably, should 
be sawn off before striking the test blow ; and it is also assumed 
that the pile has been sinking with a fair degree of regularity 
under the last few blows, and that the apparent uniformity of 
set is not deceptive. 

(b) By applying a load or direct pressure to each of a number 
of piles, observing the amount each will support, and expressing 
the result in terms of the depth driven, size of pile, and kind of 
soil. The former method may be expressed in a rational 
formula, the latter in an empyrical formula. 

The former method has been used more or less in the formulae 
of Rankine, Weisbach, Sanders, Professor Baker, Trautwine, 
Growell, Wellington, and others. 

The energy accumulated in the ram when it strikes the pile 
head is Wft, where W = weight of ram in pounds, and /t = 
height of fall in feet. This energy is expended in compressing 
the ram and the head of the pile, in moving the ram as a whole 
against the resistance of the soil, in overcoming the inertia of 
the pile and soil. Only Wellington's formula will be here given, 
as it is a rational formula less complex than the others, and 
gives quite as good results. 

Let L denote the bearing pressure ; s, the penetration under 
the last blow in inches ; then — 

Wellington recommends a factor of safety of 6, so that the 
safe working pressure, L', is — 

T f 2WA 
s + 1 

Fig. 112 shows a timber viaduct for 24-feet centres, designed 
to carry a single line of railway. In this example there are two 
main compound beams, each formed with two beams of iron- 
bark timber 12 inches square, bolted together, with a space of 
two inches between them, with wedges inserted in corresponding 
notches cut in the beams, and resting upon corbels over the 
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piers. An American deck of ironbark timber is shown similar 

to that of the 10-feet spans. In order that the compound beam 

should be equal in strength to a solid beam 24 inches in depth, 

it is necessary that the wedges and bolts should be capable of 

resisting the maximum horizontal and vertical shearing stresses. 

Since the bending moment increases as the square of the span, 

and the moment of resistance of the beam as the square of the 

depth, it follows that a span of 20 feet would give the same 

factor of safety as that found for the 10-feet spans, provided the 

equivalent distributed load remained the same. The equivalent 

distributed load on a 24-feet span, with consolidation engines 

having 12 tons on each of the four driving-axles, would be about 

8*1 tons per foot run ; hence the span may be increased from 

3*75 
20 feet to 20 x —r = 24 feet. The total depth of the compound 

beam is 26 inches, but it will be taken as 24 inches solid 
throughout. The area is reduced in the centre by the bolt- 
hole, and to a slight extent by the wedges, but this is more 
than compensated for by the reduction of span due to the corbels 
over piers. 

The shearing stress over the piers is — 

3-1 X 24 „„ , , 
— = 37'2 tons 

or 18*6 tons for each beam, which is distributed over the 24 
inches by 12 inches in the manner explained in Chapter Y., Fig. 
106. 

The maximum shearing stress horizontally and vertically is, 
therefore 



S = - — — — = 1'16 ton per lineal inch of beam 
2 X 24 

The wedges immediately over the corbels are spaced 15 
inches centre to centre, and will have to resist a horizontal 
shearing stress of 15 x 1*16 = 17*4 tons, and the corresponding 
bolts will have to resist a vertical shearing stress of the same 
amount. 

Let X denote the width of the wedges, measured along the 
beam ; the area exposed to shearing along the fibre (neglecting 
the portion of the wedge which projects beyond the beam for 
driving) is 12ar. The safe intensity of shearing stress may be 
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taken as 450 pounds per square inch in the timbers which are 
most suitable for this purpose (which require at least 2000 
pounds per square inch to shear them along the grain), there- 
fore the resistance of the wedge is — 

12 X 450 X a: = 5400^ = 17-4 x 2240 
.*. X = 7'22 inches 

The wedges may therefore be made 7i inches wide by 6 

17'4 
inches deep. The area required in the bolts is ^ = 2*908 

square inches, or 2 inches in diameter. The working stress 
on the bolts is taken as 6 tons. 

The shearing stress at any other point may be calculated 
from the formula — 

If a; = 0, Si = 4-65 tons; if a; = 6, Si = 10-5 tons; and 
these stresses are distributed over the section of the beam as 
before. The maximum shearing stress per lineal inch in the 
centre of the beam is, therefore — 

8 X 4-65 

- — —- = 0-291 tons 
2 X 24 

The bolts and wedges are spaced 18 inches centre to centre, 
therefore the central bolts may be called upon to resist a stress 

of— 

18 X 0-291 = 5-24 tons 

5*24 
The area required is consequently — r" = 0*874 square inches, 

or say 1} inch in diameter. 

In a similar manner it may be shown that the bolts 6 feet 
from the centre of the beam will require to be 1| inch in 
diameter, and the width of the corresponding wedges — 

5400j: = 11-8 X 2240 /. x = 4-89 inches 

hence the section of the wedge may be made 5 inches by 4 inches. 

The sizes of the remaining bolts and wedges may be deter- 
mined in a similar manner. The design of the piers and 
abutments is sufficiently illustrated in Figs. 112, 113, and 114. 

In the foregoing calculations, it has been assumed that each 
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wedge and bolt resists the shearing stresses which are allotted 
to them according to their position in the span, the largest 
wedges and bolts occurring near the points of support. Some 
engineers make the wedges and bolts uniform in section through- 
out the span, while others omit the wedges in the centre third 
of the span. If heavier engines are used than those considered, 
as, for example, on the New South Wales railways, where the 
heaviest consolidation engine would produce a bending moment 
in the centre of a 24-feet span which is equivalent to a uniform 
load (allowing for dynamic eflfect) of 4 tons per foot run, in such 
a case it is found to be most convenient to arrange three com- 
pound beams, so that each carries J of a ton per foot run for the 
live load, and about 0*4 ton per foot run for the dead load. The 
wedges are made 6 inches wide by 8 inches deep, and the bolts 1 
inch in diameter throughout. 

We will now consider a compoimd beam consisting of two 
beams of spruce timber, each 12 inches by 12 inches, carrying a 
floor in a building over a span of 80 feet. The two beams are 
bolted together, and wedges are inserted between the beams. 
Let it be required to determine the sizes of the wedges and 
bolts, (a) for carrying a distributed load, and (6) for carrying 
a central load. The working stress on the extreme fibres 
of the spruce beam may be taken at 1000 lbs. per square inch. 
The shearing resistance of the keys or wedges, which should 
be made of suitable timber, may be taken at 200 lbs. per 
square inch. The bolts may be stressed up to 12,000 lbs. per 
square inch. 

(a) Distributed load. 

, , . , 12 X 24 X 24 X 1000 

Moment of resistance = ^ 

o 

= 1,162000 inch-pounds 
Baaing moment = ^ = Wx^^2 ^ ^^ 

.-. 45W = 1,152,000 
.-. W = 26,600 lbs. 

Hence the reactions at supports = 12,800 lbs., and the 
maximum shearing stress per lineal inch is — 

3S 8 X 12800 „-- ,, 
— = - " , = 800 lbs. 
U 2 X 24 
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Let the wedges be the same length as the width of the beam, 
and assume that the beams are notched each 8 inches deep, and 
the depth of the wedges is 6 inches. Assome also that the 
wedges are spaced 8-feet centres at the ends, and let a; s= the 
width of the wedges ; then — 

1 2a; = area of wedge 
and ViM x 200 = 2400a$ i= resistance to shearing 
.-. 2400a; = 800 X 86 
.*. a; = 12 inches 

If the wedges are spaced 24 inches centre to centre, they 
will only require to be 8 inches wide. Adopting this latter 
pitch for the wedges, the area of the end bolts will be — 

24 X 800 ^ . . , 

a = "TonnfT" "^ ^'" square mches 

and the diameter = 1/^ inch 

At a distance of 7 feet 6 inches from the supports, only half 
of the area will be necessary if the same pitch is adopted 
throughout, or the pitch may be doubled for the middle half 
of the beam, retaining the same sections in wedges and bolts 
throughout. 

The reduction in the moment of resistance in the centre of 
the beam may be neglected. 

(&) If the beam carries a load in the centre — 

WZ W X 80 X 12 ^^„, . ^ 

= 7 = 90W inch-pounds 

.". 90W = 1,152,000 
= 12,800 lbs. 

The shearing stress is uniform throughout the beam, except- 
ing at the centre, where it is zero ; hence — 

8S 3x6400 ,^^,^ ,. ,. ^ 

7,- = "v "^r = 400 lbs. per Imeal mch 
2rf 2 X 24 ^ 

Hence, if the bolts and wedges are spaced at 4-feet centres, 
they will have the same dimensions as the largest in the last 
example, namely, 8 inches wide by 6 inches deep. 

In order to test the accuracy of the foregoing theory of the 
compound beam, the author has made several large-size scale 
models, which, when tested, gave results in close agreement 
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with the calcnlations. Compound beam road bridges have been 
used in Austraha up to a span of 42 feet, the main beams being 
formed with three beams each 12 inches square. 

Boltfy Washers, Spikes, etc. — The bolts used in holding stringer 
pieces together, fastening on the sway-braces, guard-rails, etc., 
are usually made | inch in diameter. In compound timber 
beams the bolts may be from 1 inch to 2 inches in diameter, 
being proportioned to resist the shearing stresses in the manner 
explained. Cast or wrought iron washers should be placed 
under the heads and nuts of all the bolts in a timber structure. 
Sometimes the washers under the nut are provided with slots, 
which enable the nut to be locked by driving in a nail close to 
the nut after it has been screwed down tightly. 

Cast-iron washers for bolts | inch to Ij inch in diameter 
vary from 8 inches to 4^ inches in diameter by % inch thick. 
Drift-bolts are largely used in timber structures, such as in 
fastening caps to posts ; they are usually made of iron, | inch 
square or | inch round. They should always be long enough 
to penetrate the last timber which it is desired to be held to 
a depth sufficient to give a good firm hold. Drift-bolts have 
square or taper heads, and are pointed at the ends ; they are 
really long spikes. 

Experiments made by the United States Government show 
that smooth rods have a greater holding power than ragged 
ones ; that the resistance ten months after being driven is 10 
per cent, greater than the resistance immediately after driving ; 
that round drift-bolts are 25 per cent, more efficient per pound 
of metal than square ones. The holding power of a round bolt 
1 inch in diameter in a f -inch hole, with white pine and hemlock 
timber, is about 10,000 lbs. per lineal foot immediately after 
driving. With Norway pine the resistance is about 9000 lbs. 
per lineal foot. 

The resistance of screw-bolts was found to be about 50 per 
cent, greater than that of plain roimd rods. All bolt-holes in 
pine timbers should be bored \ inch smaller than the bolt. The 
holding power of drift-bolts or dog-spikes in Australian hard- 
wood timbers is much greater than in pine timbers; but the 
actual resistance developed has not been determined, as far 
as the author is aware. 

Painting Timber. — ^Whenever two surfaces of timber touch, 
they should be painted with white lead or tar ; the bolts should 
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also be coated with white lead and linseed oil, hot or cold tar. 
Mr. Wolcott C. Poster recommends ^ the following specification 
for creosoted trestles, piles, and other timber : — 

'' All piles used in creosoted trestles must have the bark 
peeled off, and be pointed before treatment. None of the sap 
wood must be hewn from the piles. No notching or cutting of 
the piles will be allowed after treatment, except the sawing off 
of the head of the pile to the proper level for the reception of 
the cap, and the levelling of such part of the head as may 
project from under the cap. 

'^ The heads of all creosoted piles, after the necessary cutting 
and trimming has been done to receive the cap, must be 
saturated with hot creosote oil, and then covered with hot 
asphaltum before putting the caps in place. 

'' Timber in creosoted trestles must be cut and framed to the 
proper dimensions before treatment. No cutting or trimming 
of any kind will be allowed after treatment, except boring of 
the necessary bolt-holes. Hot creosote oil must be poured into 
the bolt-holes before the insertion of the bolts, in such a manner 
that the entire surface of the holes shall receive a coating of 
creosote oil. All creosoted timber and piles shall be prepared 
in accordance with the following process : — 

'' The timber and piles, after having been cut and trimmed to 
the proper length, size, and shape, shall be submitted to a 
contact steaming inside the injection-cylinders which shall last 
from two to three hours, according to the size of the timbers ; 
then to a heat not to exceed 230° Fahr. in a vacuum of 24 
inches of mercury, for a period long enough to thoroughly dry 
the wood. The creosote-oil, heated to a temperature of about 
175°, shall then be let in the injection-cylinder, and forced into 
the wood under a pressure of 150 pounds per square inch, until 
not less than 15 lbs. of oil to the cubic feet has been absorbed." 

'' The oil must contain at least 10 per cent, of carbolic and 
cresylic acids, and have at least 12 per cent, of naphthalin." 

Small Flood Opening. — Figs. 122, 128, and 124 illustrate a 
small flood opening carrying a single line of way, which is con- 
structed with four rolled iron or steel girders resting on cast- 
iron bed-plates attached to the coping stone of the brick supports. 
The span is 16 feet in the clear, and 18 feet effective between centres 
of bearings. The rolled girders are 18 inches deep, with flanges 

' " A Treatise on Wooden Trestle Bridges." 
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6J inches by J inch and web -g inch thick, weighing from 67 to 
70 Iha. per foot. If the girdei-s are selected from the Bntterley 




Iron Company's list, the central breaking load is 32 tons. The 
moment of inertia is 932, and the moment of resistance, allow- 
ing a working stress of 3 tons per square inch, is — 
/I 3 X 932 
i)~ ^ ' 

The bending moment in the centre lor the engine shown iii 
Fig. 327 is— 

2-25 X 18^ X 12 
8 



= 310-6 inch-tons 



= 1093-5 inch-tons 



The dead load is abontO'3 tons per foot run, and the bending 
moment 145-8 inch-tons. Hence we require — 



3 4 girders 



The details are sufficiently illustrated in the figures. This 
is a cheap form of bridge for a short span. 



CHAPTER VII. 

EXAMPLES OF GRAPHICAL STATICS APPLIED TO THE DETERMINATION 

OF THE STRESSES IN TRUSSES. 

The graphical method of determining the stresses in structures 
described in Chapter III. may be applied to any form of truss, 
and also to the solution of a great variety of problems in con- 
nection with structures and machinery. The method will be 
used in this chapter in connection with a few ordinary trusses 
such as are used for roofs ; but it will generally be advisable in 
such cases to apply also the method of moments in order to 
check the work, measuring the lever arms of the forces from the 
same scale drawing of the truss which is used in connection with 
the reciprocal diagrams of stresses. 

It is a good plan to tabulate the stresses obtained by 
measuring the lines in the reciprocal diagrams side by side with 
those obtained by the method of moments, and to use the mean 
of the two stresses so obtained in determining the total maxima 
stresses from which the structure is designed. 

The amount and distribution of the load upon roofs will be 
first considered. 

Dead Load upon Soofs. — The dead load upon roofs consists of 
the weight of the roof principals or trusses ; the purlins, which 
are the longitudinal beams carrying the load between the trusses 
and discharging it on the principals ; also the rafters and the 
roof-covering. 

The weight of the roof principal or truss may be estimated 
from the known weight of similar roofs for the purposes of calcu- 
lation, and the sectional ttreas thus determined ; afterwards the 
correct weight may be ascertained, and the truss recalculated 
with the corrected weight. 

The weights of the purlins may be ascertained without much 
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trouble, as they consist of timber beams, angles, T's, or rolled 
girders. In large roofs the purlins may be lattice girders or 
truss-beams. 

The weight of the roof-covering may be estimated by making 
use of the following table, which is taken from ** Instruction in 
Construction," by Colonel Wray, E.E. : — 

Table XXIII. 

Weight of Boof-ooyebinq. 



DescriptloQ of material. 



Weight in 
poaods per 
aqoare foot. 



n 



»» 



»» 



>» 

M 



Liead coyering, including laps, bat not boarding or rolls 
Zinc coyering, including laps 14 to 16 zinc gauo^e ... 

Corrugated iron, 16 W.&. 

18 
20 
Sheet iron, 16 W.G. 

20 

Slating laid with a 3-inch lap, including nails, but not battens 
iron laths : — 
Slates, doubles, 13 inches x 9 inches, at 18 owt. per 1200 
Ladies, 16 inches X 8 inches, at 81*5 cwt. per 1200 
Ountesses, 20 inches x 12 inches, at 50 cwt. per 1200 ... 
Ducbessap, 24 inches X 12 inches, at 77 cwt. per 1200... 
Slate battens, 3| inches x 1 inch :— 
For doubles 
For countesses 
Boarding, f inch thick 

n * »> •» 

»» *4 » »» 

Wrought-iron laths, angle-irons : — 
For duchess slates 
For countess slates 



or 



5}to8| 
l}tol$ 

2i 
2 

2f 



8* 
8i 
8 

2 

li 

41 

2 
If 



The weight of snow to be allowed for depends entirely upon 
the locality. In England it is sometimes assumed that a roof of 
flat pitch may have 6 inches of snow upon it, the weight of 
which may be 5 lbs. per square foot. 

Trontwine, in his handbook, recommends an allowance of 12. 
lbs. per square foot of area covered ; and Stoney, 20 lbs. per 
square foot. The depth of snow will diminish as the pitch of 
the roof increases. 

The wind pressure is estimated in the maimer explained in 
Chapter XIX. 

The following table gives the weights of some well-known 
roofs ^ : — 

» "Notes on Building Construction,*' by Rivlngton, Part IV. 
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Table 


XXTV 

% 


• 








i 






Weight 


in pounds per square fbot of 


1 


Clear 

span in 

leet. 


Distance 

apart of 

pnndpalB 

in feet. 




area covered. 




Description of roof. 


Of pur- 


Of prin- 


ToUl 


Total 

vrith 








lins. 


cipal. 


ironwork. 


coTciing. 




/ 37 


5 


11 


3-5 


4-6 


6-9 




40 


12 


20 


3-5 


5-5 






54 


1 14 


6-5 


30 


9-5 


— 




55 


6J 


4-6 


7-0 


11-6 




Ck>minoii truss 


72 


20 


4-2 


2-8 


7-0 




84 


9 


2-6 


5-9 


8-5 




1 


50 


, 10 


— 




30 


5-2 


1 


100 


14 






7-0 


9-0 




130 


26 


0-8 


5-6 


6-4 


80 




140 


12 




4-5 






Bowstring roof, Manche8ter,'t 
London Boad Station . . . | 


50 


11 


'" 




9*6 














Bowstring roof, Tiime Street | 

Station, Liverpool j 

Bowstring roof, Birmingham ... 


154 


26 




49 


















211 


24 




7-3 


IIH) 




Arched roofs, oormgated iron ... 


/40 
\60 










2-5 
3-5 


Strasburg Bailway 

Paris Exhibition 


97 


13 






120 


— 


153 


26 


9-5 


5-5 


15-0 


— 


Dublin 


41 


16 


3-4 


73 


10-7 




Derby i 


81J 


24 


10-8 


60 


16-8 




Sydenham 


120 




7-9 


3-9 


11-8 




St. Pancras 


240 


29i 


7-4 


171 


24-5 





The following table, taken from Trontwine's handbook, may 
be used in estimating approximately the total loads on roof- 
trusses up to 75 feet span ; the principals or trusses are supposed 
to be spaced 7 feet apart, centre to centre. 

Table XXV. 

Table of Appboximate Loads on Roofs in Pounds. 



Description of roof. 



Weight of 

roof^ or dead 

load. 



Wind and 
snow. 



Total loads. 



Boof covered with corrugated iron weighing^ 
from 1} to 2 lbs. per square foot, unboarded . . . j 
Ditto, if plastered oelow rafters ... 
Ditto, corrugated iron on boards 
Ditto, if plastered below rafters ... 
Ditto, slate unboarded or on laths 
Ditto, „ on boards 1} inch thick 
Ditto, „ if |)la8tered below rafters . 
Ditto, „ shingles on lath 
Ditto, „ if plastered below rafters or tie-beam 



18 
11 
21 
13 
16 
26 
10 
20 



20 

20 
20 
20 
20 
20 
20 
20 
20 



28 

38 
31 
41 
33 

46 
30 
40 
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For spans from 75 to 150 feet, it will suffice to add 4 lbs. to 
each of the above total loads. 

The above total loads may be considered to act vertically, 
and a reciprocal diagram similar to those obtained for the dead 
load may be drawn to determine the stresses and the dimensions 
of the various members, from which the weight of the truss or 
principal may be calculated. The weight thus obtained may be 
used in estimating the dead loads for the complete calculations. 

In Chapter III., two methods were considered for determining 
the stresses in braced structures, which were illustrated with 
reference to the common roof-truss shown in Pig. 125. The 
stresses in this roof will now be more fully considered, and, in 
the first place, the results obtained in Chapter III. may be 
tabulated thus — 

Table XXVI. 





Dead-load Stresses. 




Bar. 


Method of 
moments. 


Scale measure- 
ment of reciprocal 
diagram. 


Mean of the two 
methods. 




lbs. 


Ibe. 


lbs. 


AB 


1 - 1,504 


; - 1,596 


- 1,550 


BC 


+ 6,246 


+ 6,240 


+ 6,243 


CD 


-h 6,246 


+ 6,240 


■f 6,243 


DE 


1 - 1,504 


- 1,596 


- 1,550 


AH 


! - 11,938 


- 11,944 


- 11,941 


BI 


1 - 11,328 


' 11,296 


- 11,312 


JD 


1 - 11,328 


- 11,296 


- 11,312 


EK 


, + 11,938 


-i- 11,944 


+ 11,941 


AZ 


, + 11,274 


+ 11,216 


+ 11,245 


CZ 


+ 5,270 


+ 5,268 


1 + 5,629 


EZ 


+ 11,274 

1 


+ 11,216 


1 + 11,245 



With regard to the stresses due to wind : — 

If a horizontal force of wind of 50 lbs. per square foot act 
upon one side of the roof, the normal pressure due to this force 
may be obtained from Table LXIX., p. 286. 

The angle of the roof is 22^°, so that the normal pressure is 
25 lbs. per square foot. 

Since the roof principals are 12 feet apart centre to centre, 
and the length of the rafters is 21*6 feet, the total wind force on 
one side acting normally to the roof is — 

12 X 21-6 X 25 = 6480 lbs. 

If the roof principal is bolted down at each shoe, so that the 
ends are fixed, the stresses may be obtained by measuring the 
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reciprocal diagram, Fig. 127. The results are given in the follow- 
ing table, compared with those obtained by the method of moments, 
thus : — 

Table XXVII. 

Stresses due to Wind, both ekds fixed. 





1 


Wind on left. 
Scale measure- 


— 


Wind on right. 


Bar. 




Scale measure- 






Method of 


ment of 


Mean of the 


Method of 


ment of 


Mean of the 




moments. 


reciprocal 


two methods. 


moments. 


reciprocal 


two methods. 






diagram. 


lbs. 


Hie. 


diagram, 
lbs. 






lbs. 


lbs. 


lbs. 


AB 


- 3,240 


- 3,240 


- 3,240 











BC 


+ 10,377 


+ 10,296 


+ 10,336 


+ 2,090 


-f 2,280 


+ 2,185 


CD 


+ 2,090 


+ 2,280 


+ 2,185 


+ 10,377 


-f 10,296 


+ 10,336 


DE 











- 3,240 


- 3,240 


- 3,240 


AH 


- 14,574 


- 14,472 


- 14,523 


- 7,860 


- 7,974 


- 7,917 


BI 


- 14,574 


- 14,472 


- 14,523 


- 7,860 


- 7,974 


- 7,917 


JD 


- 7,860 


- 7,974 


- 7,917 


- 14,574 


- 14,472 


- 14,523 


EK 


- 7,860 


- 7,974 


- 7,917 


- 14,574 


-14,472 


- 14,523 


AZ 


+ 14,864 


+ 14,784 


+ 14,824 


+ 6,668 


+ 6,764 , 


-f- 6,718 


CZ 


+ 4,775 


+ 4,764 


4- 4,770 


+ 4,775 


-f 4,764 1 


+ 4,770 


EZ 


+ 6,668 


+ 6,704 


+ 6,718 


+ 14,864 


+ 14,784 , 


+ 14,824 



We see that if the wind is on the left, the bar DE is 
unstressed ; if the wind is on the right, AB is unstressed. 

The direction of the reactions Ei and B2 is normal to that of 
the principal rafter, and the values of these reactions may be 
determined by means of the polar and funicular polygons shown 
in dotted lines. Figs. 127 and 125. The point z is determined 
by drawing the line oz parallel to the closing line in the funicular 
polygon. 

If one end of the principal is fixed, and the other end is free 
to move on expansion rollers, the principal will tend to expand 
or contract when the temperature changes, motion taking place 
as soon as the forces due to changes of temperature are sufficient 
to overcome the frictional resistance of the expansion rollers. 
When the frictional resistances just balance the forces due to 
temperature, the whole of the horizontal component of the wind 
pressure must be resisted by the fixed end, since the roller end 
can only supply a vertical reaction. 

The vertical components of the normal reactions at the fixed 
and free ends remain the same as in the case last considered. 
Two cases require to be considered, namely, the wind on the left 
and the wind on the right (Figs. 128 and 129) ; wind on the 
left with the left end free to move (Fig. 128). 
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The diagram obtained for this case differs slightly from Fig. 
127, as the horizontal component of the reactions at both ends 




«fiNO 6n left. 

BOTH ENDS FIXED 
FlO. 127. 



WIND ON mCHT. 
UFT END MOVEABIE 
FlO. 129. 



must be entirely supplied by the fixed end. The stresses are 
given in the following table : — 

Table XXVIII. 

Stresses due to Wind on left, Left End motable. 







Scale measurement 




Bar. 


l^Tethod of moments. 


of reciprocal diagram, 
Fig. 128. 

lbs. 


Mean of the twomethoda. 




Itw. 


Iba. 


AB 


- 3,240 


- 3,240 


- 3,240 


BC 


+ 9,158 


+ 9,180 


+ 9,169 


CD 


+ ,947 


\ + 1,098 


+ 1,022 


DE 





' 





AH 


- 12,964 


- 12,816 


- 12,890 


BI 


1 - 12,9G4 


- 12,816 


- 12,890 


JD 


- 6,137 


- 6,228 


- 6,182 


EK 


- 6,137 


1 - 6,228 


- 6,182 


AZ 


+ 11,627 


+ 11,448 


+ 11,687 


cz 


+ 2,473 


+ 2,376 


+ 2,424 


EZ 


+ 3,171 


i + 3,330 


+ 3,250 
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Wind on the right, with the left end movable. The stresses 
due to this case may be tabulated in a similar manner to the 
foregoing, thus — 

Table XXIX. 

STBX88E8 DUE TO WiND ON BIGHT, LXfT EnD MOVABLE. 







ScAle mMsiiremeDt of 




Bar. 


Method of momeiitd. 


1 reciprocal dUgrun, 
1 Fig. 129. 

1 


Mean of the two metL 




lbs. 


lbs. 


IhR. 


AB 











BC 


+ 2,692 


+ 2,700 


+ 2,696 


CD 


+ 10,917 


+ 10,944 


+ 10,930 


D£ 


- 3,240 


- 3,240 


- 3,240 


AH 


- 8,523 


- 8,572 


- 8,547 


BI 


- 8,523 


- 8,572 


- 8,547 


JD 


- 15,360 


- 15.280 


- 15,320 


EK 


- 15,360 


- 15,280 


- 15,320 


AZ 


+ 8,051 


+ 8,082 1 


+ 8,066. 


CZ 


+ 5,646 


- 5,652 


+ 5,649 


EZ 


+ 16,506 


+ 16,300 


+ 16,403 



The details of the calculations by the method of moments is 
left for the student to verify. 

The maximum stresses on any member of the truss due to 
wind may be obtiiined from an inspection of the foregoing tables. 
The resultant stress is found by combining the maximum wind 
stress with the dead-load stress, thus — 





Table XXX. 




Table of 


Maximum Stbessbs due to Dead Load and Wind Fbessubb. 


Bar. 


Dead-load Btreases in 
pounds. 

- 1,550 


Wind stresBes in pounda. 


Beenltant itresa due to 

dead load and wind in 

pounds. 


AB 


- 3,240 


- 4,790 


BC 


+ 6,248 + 10,336 


+ 16,579 


CD 


+ 6,243 1 +10,930 


+ 17,173 


DE 


- 1,550 


- 3,240 


- 4,790 


AH 


- 1 1,941 


- 14,523 


- 36,464 


BI 


- 11,312 


- 14,523 


- 25,835 


JD 


- 11,312 


- 15,320 


-26,630 


EK 


- 11,941 


- 15,320 


- 27,261 


AZ 


+ 11,245 


+ 11,537 


+ 22,782 


CZ 


+ 5,269 


+ 5,649 


+ 10,918 


EZ 

1 


+ 11,245 


+ 16,403 


+ 27,648 



Stresses in Framed Trusses. 



115 



The resultant stresses should be used in designing the truss. 

The method of obtaining the stresses in a framed structure; 
such as a crane, is illustrated in Figs. 180 and 181. 

The force polygon in this case consists simply of the line 
BZy representing the load W suspended from the end of the 



r -- - 





Fio. 130. 



Fio. 131. 



cantilever. The magnitude of the BY and BZ, acting as shown 
in Fig. 130, are found by means of the polar and funicular 
polygons shown in dotted lines, the point Y being determined 
by drawing OY parallel to the closing line as before. The 
magnitude and sense of the stresses in the various members of 
the cantilever may be determined by measuring the lines of the 







Fio. 133. 



reciprocal diagram, Fig. 181, to the proper scale, or by applying 
the method of moments. 

Fig. 182 represents a diagram of a roof-truss, for which the 
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reciprocal diagrams have been drawn for the dead load and 
wind pressure shown in Figs. 183 to 136. 

The following data have been employed in drawing these 
diagrams : — 



Spaa of roof-tnus ... 
Distance between principals ... 
Length of principal rafters ... ... 

Distance between joints measured along principal rafters 

Inclination of principal rafters to the horizon ... 

Bise of tie-rod in the centre ... 

Dead load at each of the seven intermediate joints 

Horizontal wind pressnre per square foot 

Normal „ „ „ 

Total normal pressore on one side 

Normal pressnre at the three intermediate joints on one side 

Normal pressure at the apex and point of support 



«> 



»» 



>» 



80-00 feet. 

1000 

46*20 

11-55 

30 degrees. 

7 feet 

2500 lbs. 

50 

33 

16,000 

4000 

2000 



Fig. 138 represents the stresses due to the dead load; Fig. 134, 

the stresses due to the wind 
acting on the left when both 
ends are fixed ; Fig. 185 repre- 
sents the stresses due to the 
wind acting on the left when 
the left end is free to move; 
and Fig. 186 represents the 
stresses with the wind on the 
right when the left end is free 
to move. 

The stresses may be tabulated in a similar manner to that 
illustrated in connection with the roof-truss shown in Fig. 125. 




OCAO LOAD. 

FlQ. 133. 



'' X 

z" x- 

X >" 

x y 



4^" 




WIND ON LEFT. 
BOTH ENDS riXE.D. 



Flo. 134. 



Fig. 137 represents another example of a roof-truss, for which 
reciprocal diagrams have been drawn from the following data — 
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H 



>» 



Span of truss ... ... ... ... ... ... 60 feet. 

Distance between trusses ... ... ... ... ... 7*5 „ 

Length of principal rafters ... ... ... ... 32*5 „ 

Distance between the joints measured along the principal rafters 8'1 „ 

Inclination of the principal rafter to the horizon ... ... 22} degrees. 

Kiso of the main tie-rod in the centre ... ... ' ••• 2 feet 

Dead load at each of the seven intermediate upper joints . . . 1053 lbs. 

„ „ „ „ at supports 526*5 

Horizontal wind pressure per square foot ... ... ... 50 

formal ^y ,, ^^ ••• ... ... 00 )> 

Total normal pressure on one side ... ••• ..• ... 8100 „ 

Normal pressure at the three intermediate joints on one side ... 2025 „ 

Normal pressure at apex and support ••« ..• ... 1012*5 >, 

Fig. 188 represents the 
stresses due to the dead 
load ; Fig. 189, the stresses 
due to the wind acting on 
the left when both ends are 
fixed ; Fig. 140, the stresses 
due to wind acting on the 
left when the left end is free 
to move ; and Fig. 141, the 
stresses with the wind acting on the right when the left end 
is free to move. 




WIND ON LEFT. 
LerT END MOVCABLC 



FlO. 136. 



rccr. 



laJS^Si 




WIND ON RIGHT. 
1.CFT CND MOVCABLC 



Fig. 136. 
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The stresses in this and the foregoing example may be 
tabulated in the manner fully explained in the first example, 

Figs. 125 to 129. 

Fig. 142 represents a diagram of a polygonal roof-truss, for 




WIND ON HICHT. 
LEFT END MOVCABLC. 
FlO. 141. 



which reciprocal diagrams have been drawn for the dead load 
and wind pressures. Fig. 148 to 146. 

The following data have been employed : — 

Span of roof-troBB ... 
Distanoe between principals ... 
Dead load per square foot of area covered 
Horizontal wind pressure per square foot 
Dead load at joints 2, 3, 4, 5, 6, and 7 .. 
yy ^ ,} X anci o . • • • • 

Wind pressure at joints 1 and 5 



n 


»» 


»> 


m 


»> 


f 


n 


M 


»» 


8 


w 


G 


»> 


»» 


9» 


4 


»» 


5 





100-0 feet 




20-0 „ 




14 lbs. 




50 „ 




4000 „ 




2000 „ 




7900 „ 




9520 „ 




7900 „ 




1250 „ 
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The figure is re- 
dundant, but one set 
of diagonals is sup- 
posed to be omitted, 
otherwise the recipro- 
aaS. stress diagrams 
could not be drawn. 

Fig. 143 represents 
the st^sses due to the 
dead load. Fig. 144 
represents the stresses 
due to wind acting on 
the left side when both 
ends of the principal 
are fised in position. 
The point Z is deter- 
mined by means of the 
polar and funicular 
polygons shown in 
dotted lines. The 
force polygon for the 
loads P^ P3, and P4, 
which produce reac- 
tions at both sup- 
ports, is shown in Fig. 
144, viz. PQR8ZP, in 
which SB, RQ, and 
PQ are drawn parallel 
toP„P3, 8ndP« (Fig. 
142). PS is the re- 
sultant, and equals 
the snm of the reac- 
tions at the supports 
dne to the three loads 
under consideration. 
The force polygon for 
the four forces P^, 
Pi, P3, and P* is 
PQESTZP, in which 
ST is drawn parallel 
to P, and ZT joined. 
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WIND ON LCPT. 
BOTH ENDS FIXKO 



FlO. 144. 



The remainder of Pig. 144 will be readily understood by the 
student, as Bow's notation has been employed throughout. 

Fig. 145 represents the 
stresses due to wind acting 
on the left-hand side, but 
with the left end fixed and 
the right on the point of 
moving ; under these circum- 
stances the left support must 
supply the horizontal com- 
ponent of the inclined reac- 
tions at both supports. The 
point Z in Fig. 144 becomes 
Zi in Fig. 145 ; PZ^ represents the vertical reaction at the right 
support, and TZ2 represents the vertical reaction at the left 
support. 

The horizontal reaction at the left support is represented by 

Zi, Zs; the stresses in the 
various members of the truss 
are determined by completing 
the figure as before. 

Fig. 146 represents the 
stresses due to wind acting on 
the right with the right end 
movable as before. 

The stresses due to the 
various cases of loading ob- 
tained by measuring the re- 
ciprocal diagrams, Figs. 143 to 146, and also the total maxima 
stresses, are given in the following table : — 



WIND ON RIOHT. 
mOHT CND MOVCMtlX. 




Fig. 146. 
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Table XXXL 



Oat. 



BB' 

DD' 

FF' 

HI 

JK 

BO 

DE 

F'G 

ir 

KK' 



SA 
RC 
QE' , 
PG' j 
OH' ' 

NJ' i 

ML 

AZ 

BZ 

DZ 

F'Z 

IZ 

KZ 

LZ 



Dead load 
stresses 



lbs. 

- 29,200 

- 27,460 

- 26,240 

- 25,570 

- 26,240 

- 27,460 

- 29,200 



+ 
+ 
+ 
+ 
+ 
+ 



24,120 
23,570 
24,960 
25,570 
24,960 
23,570 



+ 24,120 



AB' ' + 1,950 

CD' + 1,220 

EF + 3,390 

GH + 3,390 

I'J + 1,220 

K'L + 1,950 



+ 
+ 
+ 
+ 







890 
1,670 
1,670 

890 






Both ends of principal fixed \ Bight end movable, left end 
to the support. fixed. 



Wind on the 
right. 



IbR. 

- 9,780 

- 11,510 
-14,230 

- 19,340 

- 28,350 

- 35,130 

- 33,910 
+ 

+ 
+ 
+ 
+ 
+ 



Wind on the wind on the ' Wind on the 
left. right. l«ft' 



5,890 
5,780 
8,450 
11,900 
17,450 
26,180 
33,570 

500 



lbs. 

- 33,910 

- 35,130 

- 28,350 

- 19,340 

- 14,230 

- 11,510 

- 9,780 
+ 33,570 



+ 
+ 
+ 
+ 
+ 
+ 



26,180 

17,450 

11,900 

8,450 

5,780 

5,890 



lbs. 
+ 3,110 
+ 5,000 
+ 8,000 

- 13,340 

- 22,460 

- 29,130 

- 27,120 

- 10,900 

- 10,670 
8,450 
5,220 

230 

9,120 

16,450 



+ 
+ 
+ 



- 450 

- 1,340 

- 2,890 



- 5,670 

- 2,890 

- 1,340 



1,670 
2,670 
4,340 



+ 
+ 
+ 













2,780 

4,000 

7,000 



+ 9,120 
+ 11,450 



+ 11,450 
+ 9,120 



+ 
+ 
+ 



7,000 

4,000 

2,780 













+ 
+ 
+ 













2,170 

3,780 

7,000 



lbs. 

- 34,010 

- 35,680 

- 28,680 

- 20,180 

- 14,900 

- 12,170 
+ 10,780 
+ 35,350 
+ 29,640 
+ 20,230 
+ 14,560 
+ 11,010 
+ 8,670 

- 8,840 



- 2,450 - 780 - 1,890 



- 4,780 

- 2,780 

- 1,220 



- 5,670 - 450 - 6,450 - 230 

I 

- 2,450 , + 500 - 4,000 + 670 



+ 
+ 
+ 
+ 
+ 



+ 11,780 
+ 9,560 



8,340 
11,670 
7,110 
4,110 
2,400 








Total 
maxima 
stresses. 



lbs. 

- 63,210 

- 6,314 

- 54,820 

- 45,750 

- 54,590 

- 62,590 

- 63,110 
+ 59,47Q 
+ 53,210 
+ 45,190 
+ 40,130 
+ 42,410 
+ 49,750 
+ 57,690 

2,450 
500 
1,220 
4,450 
3,390 
3,390 
950 
1,220 
5,230 
2,620 
2,050 
9,120 
+ 11,670 



(i 

{i 

+ 

{i 
{1 



+ 

+ 

+ 
+ 
+ 
+ 
+ 



7,110 
5,000 
4,450 
4,450 
4,890 
7,000 
11,780 
9,560 



CHAPTER VIIL 



BRACED GIRDERS WITH PARALLEL FLANGES. 



Fig. 147 represents a cantilever loaded at the apices. The load 

W 
— at the apex o and the stresses in the bars ol and o2 are in 

equilibrium ; they may therefore be represented by the triangle 

W 
of forces abc, in which ac represents the load -— , Fig. 148. 

The stress in ol (oli), may be found thus — 



W 

olii -^ :: ab : ac 

W 



w 

.'. oil = ^ sec © 
2 

W 



also o2i : -7.- \\hc\ ac .*. o2, = — tan © 
2 2 

We see also, from the direction of the forces in the triangle 
ahcy that o2 is in tension, and ol is in compression. 

1 





Fig. 148. 



Fio. 147. 



The stress in 1 2 is clearly the same as in ol. The stress in 

2 3 due to the load at the apex 2 is W sec 0, and the total stress 

3W 
on 2 3 is therefore —r- sec 0, which is also the stress in the bar 

Ik 

3 4 ; the former is in compression, and the latter in tension. 
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The stress in 1 8 is the sum of the horizontal components of 
the stresses in ol and 1 2. 

/. 1 81 = W tan % (compression) 

The stress 2 4i is the sum of the horizontal components of 
the stresses in 1 2 and 2 8, plus the stress in o2. 

W 

.'. 2 4i = 2W tan ^ + -^ tan % (tension) 

In a similar manner we may find the stresses in the remain- 
ing bars. 

We see that the increment of stress in the web is W sec ©, 
80 that we may write down the stresses in the remaining 
bai's thus — 

5W 
In the bars 4 5 and 4 6 the stress is sec 

Ik 

7W 
„ 67 „ 78 „ „ ^^ sec© 

The increment of flange stress at the apex 1 we found to be 
W tan 0, and at the apex 2, 2W tan 0. In a similar manner 
we could have shown that the increment of flange stress at the 
apex 8 is 8W tan 0, and at the apex 4 it is 4W tan 0, and so on 
for the remaining bars. 

Let W = 10 tons, and = 80° 

then sec = 1-154, and tan = 0*577 

The increment of web stress W sec = 11*54 tons, and 
W tan = 5-8 tons. 

In Fig. 147 we may write down the stresses in the diagonals 
by multiplying the number written on the bars by 11*54, thus — 

Stress in o\ = 0*5 x W sec = — 5*77 tons, compression 

1 2 = 0*5 X W sec = + 5*77 „ tension 

2 8 = 1*5 X W sec = - 17*81 „ compression 
8 4 = 1*5 X W sec = + 17*81 „ tension 

4 5 = 2*5 X W sec = - 28*85 „ compression 

5 6 = 2*5 X W sec = + 28*85 „ tension 

6 7 = 3*5 X W sec = - 4089 „ compression 

7 8 = 8-5 X W sec = + 40*89 „ tension 

The stresses in the flanges are written down in a similar 
manner, thus — 



99 
99 
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stress in o2 = + 2*89 tons. 


Stress in 23 = — 5.77 tons 


„ ..24=+ 14-45 „ 


„ „ 35 = - 28-08 ., 


„ „ 4 6 = + 87-58 „ 


., ., 67 = - 51-98 „ 


„ ..68= + 72-25 „ 


>> ,, 79 = — 92*32 ,, 



Fig. 149 represents a triangular girder supported at both 
ends and loaded symmetrically; such a girder is termed a 




** Warren girder." It would be used for a deck bridge, the deck 
being carried by the top member. 

The reactions are each equal to half the load. The stresses 
in the bars are found thus — 



stress in ES = Bi sec 


= + 2-5W sec d (tension) 


,. .. KJ = El sec 6 


— - 2-6W sec (com- 




pression) 


„ „ IJ = (Ri - W) sec % 


= + 1-5W sec e 


„ „ JH = (Bi - W) sec e 


= - 1-5W sec e 


„ „HG = (Ri-W- W)Bec 


e= - 0-5W sec e 


„ „ GF = (Bi - W - W) sec 


d= - 0-5W sec e 



Hence we may write coefficients against the bars, and 
multiply by W sec to find the stress as before. It should be 
noted that the bars which slope towards the centre are in com- 
pression, while those which slope away from the centre are in 
tension. 

The stresses in the flanges are found by adding the horizontal 
components of the stresses in the web, as before, thus — 



Stress in QK 

„ PI 
„ OG 
„ JS 
„ HS 

FS 



99 

99 
99 
99 99 



- (2-5 + 4)W tan e 

- (6-5 + 2)W tan 

+ (5 + 3)W tan d 
+ (8 + 1)W tan e 



= - 2-5W tan $ 
= -6-5Wtane 
= - 8-5W tan 
= + 5'OW tan 
= + 8'OW tan 6 
= + 9-OW tan 9 
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Here we note that by adding the coefficients on two bars 
which meet at a vertex, and writing the result on the vertex, 
we have the coefficient for the increment of flange stress, which 
requires to be multiplied by W tan and added to the stress in 
the flange preceding it, counting from the left support, to find 
the stress. 

Let % = 80°, and W = 10 tons. 

Then sec = 1-154 :. W sec = 11'54 tons 
tan % = 0-677 .-. W tan = 5-77 tons 

The actual stresses are written on the right-hand half of 
the girder. Pig. 149. 

Fig. 150 shows a lattice girder loaded symmetrically on the 
top and bottom flanges. 

Here we may consider each triangulation separately, and 




apply the foregoing principles. The results are written on the 
left-hand half of the girder. Fig. 150. 

Let Wi = 5 tons, and W == 10 tons, = 45^ 

Then sec 61 = 1*414 
.-. Wi sec e = 7-07 ; W sec » = 14-14 ; tan = 1 

The results are written on the right-hand half of the 
girder. Pig. 150. 

Fig. 151 represents a truss known as the Murphy-Whipple, 
or Pratt, truss. The vertical members are constructed as com- 
pression members, while the diagonal members are in tension. 
The truss as shown would be used as a deck bridge like the 
Warren girder, Fig. 149. Fig. 152 represents the same truss 
inverted, but the vertical members are in tension, and the 
diagonal members are in compression. In this form it is 
termed the Howe truss, and is much used for composite structures, 
the vertical members consisting of one or more bolts, the 
.diagonal and top members of timber, while the bottom member 
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may be constructed of timber or iron. The Howe truss, as 
shown in Fig. 152, would be used for a through bridge, and the 
deck would be carried by the bottom member. In both Figs. 
151 and 152, the diagonals in the centre bay are unstressed, with 
the loads symmetrically arranged on either side of the centre, 



Fio. ISl. 



§w 



4W 




as shown ; they will be referred to in regard to the live load. 
We may write coefficients against the bars and determine the 
stresses as before; thus in Fig. 151 the stresses in the 
verticals are — 

afci = W, cih = 2W, <-/= 8W, gh = 47 W 

The stresses in the diagonals are — 

vh = W sec e, A* = 2W sec 0, fg = 3W sec 6, hk = 4W sec 9 

The horizontal components of the stresses in the diagonals 
will produce stresses in the top and bottom members, thus — 

kgi = 4 tan Q 

gci = 4 tan (9 + 3 tan e = 7 tan e 
fci = 7 tan e + 2 tan(9 = 9 tan 
cai = 9 tan + tan © = 10 tan 

In a similar manner we may find the stresses in the bottom 
member ; they are written in Fig.151. 

If W = 5 tons, and e = 45° 
then W sec e = 5 X 1-414 = 7*07 tons ; W tan 6 = 5 

The results are written on Fig. 152. 
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We may draw reciprocal figures to find the stresses in the 
various members as illustrated in Figs. 158 and 154. 





Fig. 154. 



Fig. 153 represents the stresses in the truss illustrated in 
Fig. 152, and Fig. 154 the stresses in that illustrated in 
Fig. 149. 

Braced Girders with Parallel Flanges subjected to a Trayelliog 
Load. — ^We have seen in Chapter IV., Fig. 54, that the maximum 
shearing stress at any point of a girder subjected to a travelling 
load occurs when the load extends from either abutment to the 
point in question, the remainder of the girder being unloaded. 
Hence in the Warren girder, Fig. 149, the maximum compres- 
sive stress in the bar FG occurs when the apices on the right 
half of the girder are loaded. The maximum tensile stress 
in FG occurs when the remaining apices are loaded, and the 
apices on the right half of the girder are unloaded, thus — 

_ PG ^ W^^^ + 2 + 8) = - W sec 

b 

„^ W sec %,^ ^ W sec e 

+ FG = — - (1 + 2) = + - -o— - 

O L 

The same stresses will be produced on the bar GH, only 
with the signs changed, thus — 

- GH = - '^^1^-^, and + GH = + W sec fl 

In a similar manner the stresses in all the inclined bars 
may be written down ; thus for the left half of the girder we 
have — 



1. 



128 



Engineering Construction. 



Stress in HI = - ^^^(1 + 2 + 3 + 4) and + ^-^i^^ 



6 

low sec e , . W sec e 
— and + 



G 



ii 



99 



>> 



>> 



>J 



6 
Wsecg 



6 

low sec % ^ 

IJ = + and — 

o 

WsecO,, c ^ . .. 15W8ece 

JK = - — - — (1 + 2 + 3 + 4 + 5)=- 

o o 

. Wsece,, ^ ^ . , ,, 15WBece 

„ KS = + — ^—(1 + 2 + 3 + 4 + 5)=+ — - 

The maximum stresses in the horizontal members due to 
the live load \vill occmr when the girder is fully loaded, and 
they may be found in a similar manner to that explained in the 
foregoing examples. We may determine the stresses in the 
inclined members graphically thus : In the Warren girder, 
Fig. 149, let the dead load at the apices be 5 tons, and the live 
load 10 tons. Here we draw the ordinary shearing-stress 
diagrams for the live and dead loads, and set out the triangles 
as shown in Fig. 155. 
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In Fig. 151 let the dead load at the apices be 5 tons, and the 
live load 10 tons, and let = 45^ The stresses in the top and 
bottom members may be found as in the case of the dead load, 
or we may use the method of sections ; thus for the stress in 
WE, we suppose a vertical section cutting ED, and take moments 
about the point where ED cuts the bottom member, thus — 



- lOWE + 15(20 + 10) - 60 X 80 = 
.-. WE = - 135 tons 

In a similar manner we write down the stresses in all the 
top and bottom members, thus — 
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-YA = 


= - 60 tons 


jn _ - 60 X 20 + 15 X 10 

10 


= - 105 ,. 


^Pj - 60 X 30 + 15(20 + 10) 

10 


= - 185 „ 


„- - 60 X 80 + 15(30 + 20 + 15) 


= - 150 „ 


UH = 


= - 150 .. 


BZ = 


= + 60 „ 


^„ 60 X 20 - 15 X 10 
^^ " 10 


= + 105 „ 


_,^ 60 X 80 - 15(20 + 10) 
FZ^ i^ 


= + 185 „ 


„„ 60 X 40 - 15(80 + 20 + 10) 
HZ= ,„ 


= + 150 „ 



These stresses are three times those written on Fig. 152. 
StroMes in Diagonal Members. — For the stresses in the dia- 
gonal members we proceed as in the case of the Warren girder. 
Fig. 149— 

Wi secO = 14-14 tons for the live load 
W secO = 7*07 „ „ dead load 

and^^= 1-572 
9 

The stresses on NO, for example, may be fonnd most con- 
veniently by writing the equation so that the live loads pro- 
ducing tension and compression may be readily seen — 

NO = 21-21 + 1-572(1 + . . . +7)> 21.21 + 44.oi6-i.57 

- 1-572(1) 5 

hence NO = + 65-22 tons and + 19*64 tons 

The stress in the bar PZ is — 

PZ = 28-28 + 1-572(1 + . . . +8) = + 84-84 tons 

Also in the remaining bars we may find the stresses as 
before — 

LM = 14-14 + 1-572(1 + . . . + 6) 

- 1-572(1 + 2) 
.-. LM = 14-14 + 33-012 

- 4-716 

.-. LM = +47-15 tons and 9*42 tons 

K 
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The stresses in the first three bars are not reversed by the 
live load, and are always tensile. In the bar JE we shall see 
that the live load puts a compressive stress upon the bar, 
thus — 

JK = 7-07 + 1-572(1+ . . . + 5) 

- 1-572(1 +2 + 3) 
.-. JK = 7-07 + 23-58 

- 9-432 

.-. JK = + 30-65 tons and - 2*36 tons 

Since JK can only resist tensile stresses, we must counter- 
brace the panel by inserting a diagonal crossing JK. Since it 
is hardly possible to ensure that each member shall perform 
the duty assigned to it, it is better practice to make the counter- 
brace take all the live -load shear, so that JK would have to 
sustain + 30-65, and the counterbrace 9-432 tons. 

In the central bay there is no stress in the diagonals due to 
the dead load ; the stresses due to the live load are — 

+ 1-572(1 + 2 + 3 + 4) = + 15-72 tons 

Hence the central bay must be counterbraced by inserting 
two diagonals crossing each other, each designed for a tensile 
stress of 15*72 tons. These diagonal counterbraces are shown 
in dotted lines, both in Figs. 151 and 152. The counterbraces 
only come into action when the live load tends to produce dis- 
tortion of the panel by putting a compressive stress on the 
main brace ; when this occurs, the main brace bends and throws 
the tensile stress upon the counterbrace, so that the two braces 
are never in action simultaneously. 

Stresses in Vertical Members. — The stresses in the verticals 
are the vertical components of the stresses in the diagonals, and 
one may be found from the other, or we may proceed indepen- 
dently, thus — 

LK= -10- W + ^^. . +6)| ,. LK = - 83-33 tons 

Hence we see that the live load puts tensile stress upon JH 
and HG. The maximum stresses are written on Fig. 156. 

In designing these girders we must compare the maximum 
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stresses, as written on Fig. 156, with those produced by the 
dead load only, and thus find the range of stress for those bars 
where the stress is not reversed by the live load. Where there 
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is a reversal of stress, as in the two central verticals, the range 
of stress is shown on Fig. 156. Hence the intensity of working 
stress is found as explained in Chapter I. 

When there are more than one system of triangulation each 
system may be calculated separately, as in Fig. 157, as the 
loads upon the apices of a particular system are transmitted by 
that system to the abutment independently of the others. 

Fig. 157 represents a lattice girder or truss of an odd 
number of panels, which may 
be subdivided into four dif- 
ferent systems, as shown in 
Figs. 158 to 161. The sub- 
division illustrated in Figs. 158 
and 159 represents the method 
for partial loading, and Figs. 
160 and 161 show a possible 
division for complete loading ; 
but here there is an ambiguity, 
as we are not sure whether tbe 
system illustrated in Figs. 158 
and 159 would not hold. If 
the stresses are calculated for 
each case, and the maximum 
stresses adopted in the design of the girder, this ambiguity 
will not cause a want of strength. The student may work out 
the stresses in this case by assuming a live load of 10 tons 
and a dead load of 5 tons at each bottom apex, = 30"", 
span = 50 feet^ 

This method of subdivision and superposition is often very 
convenient, and may be used in the two following examples, 
Figs. 162 and 165. Here, however, there is no ambiguity, as the 
number of panels is even, and there are only two subdivisions 
possible. 
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Figs. 162 and 165 are both modifications of the Pratt or 
Murphy- Whipple truss, but in these forms they are sometimes. 
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called Linyille trusses ; the former is suitable for a deck bridge,, 
the latter for a through bridge. 

Fig. 165 represents the outline of the bridge over the Ohio 
Biver, 415 feet span. 

Fig. 168 shows a form of timber truss which has been largely 
used for road bridges in Australia. The vertical tension members 
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are constructed with two or more bolts, which may be screwed 
up as required, and the diagonal members of the web fit into 
iron pockets, and are provided with double wedges at the ends 
for putting the member in initial compression and taking up 
shruxkage. 

The stresses written on the various members of the truss 
have been determined in the manner sufficiently explained, and 
may be verified by the student. The dead load is 0*6 tons per 
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foot run, and the live load 0*58 tons per foot run on each 
truss. 

The counterbraces in the four central bays, shown in dotted 
lines, are chiefly necessary in consequence of the wedges and 
the stresses, as the various members of the truss may vary 
from those written on Fig. 168, depending on tightness or slack- 
ness of the wedges. The counterbraces should be made about 
half the sectional area of the main diagonal in the same bay, 
and should be arranged with their largest lateral dimensions at 
right angles to the plane of the truss in order to give lateral 
stiffness. 

The cross-beams in this truss are spaced on each side of the 
panel points ; the main tie is subjected to a certain amount of 
transverse stress. 

Fig. 169 shows a Howe truss as used in a highway bridge of 
70 feet span, in which the vertical members consist of two or 



SZ-O^ 




Fio. 169. 



more bolts, but the diagonal members of the web and the ends 
are inclined at the same angle, viz. 45^. The cross-beams carry- 
ing the floor rest upon the bottom chord at the panel points, the 
vertical bolts being spaced longitudinally at a distance apart 
«qual to the width of the floor beam. There are no wedges at 
the ends of the diagonal members, as the shrinkage of the timber 
may be taken up completely by screwing up the nuts on the 
vertical bolts, hence only the central bay is counterbraced. 

The stresses written on Fig. 169 have been determined for a 
dead load of 0*414 tons and a live load of 0*470 tons per foot 
run for each truss. 

This truss is obviously superior to the foregoing for timber 
bridges. 

The method of constructing the joints in the bottom chord of 
these trusses will be considered in Chapter XIII. 

The bottom chord in both these trusses may be constructed 
of steel, and the compression members only of timber. This 
composite truss has the advantage of allowing the various 
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timber members to be removed without stopping the traffic over 
the bridge. 

The following example is given to illustrate the method of 
calculating the stresses in lattice girders subjected to a per- 
manent load due to the weight of the structure, and a live load 
due to an en^ne and train. This girder is not given as an 
example of good proportion, as it is too deep, and is unsuitable 
for so small a span. 

Let the permanent load considered as concentrated at each 
apex be 2 tons, denoted by Wi, and the live load concentrated in 
a similar manner be 5 tons, denoted by W. There are 12 bays 
and 4 systems of triangulation, the bars being inclined at 45°. 

W sec fl = 5 X 1-414 = 7-070 tons, and Wi sec fl = 2-828 

Wsecfl 
-f^= 0-589 

Span of girder = 60 feet, depth = 10 feet 

By referring to Fig. 170 and the subjoined table of stresses, 

it will be observed that the live load Wi produces stresses on 



bars 3, 7, and 11 ; that Wa produces stresses on bars 4, 8, and 
12 ; Ws on bars 1, 5, 9, and 13. Wu also produces stresses on 
bars 1, 5, 9, and 13, thus— 

W sec S 
-^^ = ~ 0-589, say - 0-59 

AYj produces — 

Tj^ — = - 5-30 on bar 1 

+ — -z — — - 1*77 on bars 5, 9, and 13 
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The stresses produced on each bar by the various loads^ con- 
sidered separately, are tabulated as shown. The stresses on bar 
1 for the loads W3, W7, and Wu which aflfect it are added together 
and the result written in the first column, as it is compressive. 
In a similar manner, the stresses on the other bars are added, 
and written in the first or second column, according as the stress 
is compressive or tensile. 

The stresses in the third and fourth columns due to dead 
load are found, as in the foregoing examples, by affixing the 
proper coefficient to the bar and multiplying it by Wi sec d 

(Fig. 171). 

The total maximum stresses are found by adding the stresses 
of like kind in the first four columns due to live load and dead 
load. It should be noted that bars from 3 to 9 are subjected to 
both tensile and compressive stresses. 

The stresses in the remaining IB bars may be written down 
by numbering them from the right-hand support. 

The stresses in the top and bottom horizontal members are 
found as before, by adding the coefficients written in the lattice 
bars, Fig. 171, and multiplying by (W + Wi) tan for the 
increment of flange stress = (2 + 5) tan fl = 7 tan 0. 



-agv3 




Thus the stresses in the top member may be written down- 



Stress on 1st bay = 1-6x7 



= - 10'5 tons 



>> 



>> 



>> 



>> 



2i)d 
3rd 



>> 



>i 



= 10-5 + 2x7= - 24-5 
= 24-5 + 2x7= - 38-5 



>> 



>* 



The stresses in both top and bottom members are written 

down in Fig. 171. 

The stresses in the top and bottom members may be plotted 
to scale as ordinates on the length of the girder as a base, and 
the extremities joined, forming two polygons, which are the 
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diagratuB of direct Btresses due to bending, and may be 
nsed for designing the top and bottom flanges as explained 
in Chapter IV. 



The following example ib given to illustrate the method of 
designing a lattice girder or of aacertaining the streBses in a 
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girder already built. Figs. 172 and 178 show the stresses in 
the web and flanges of a lattice girder in a bridge on the New 
South Wales Government Bailways.^ The bridge consists of 
two lattice main girders, forming a clear span of 150 feet. The 
girders are 161 feet 9 inches long over all, and placed 14 feet 
apart in the clear. Between them transverse or roadway 
girders are placed at a distance of 3 feet from centre to centre. 




Fio. 173. 



The bridge carries a single line of way. The lattice girders rest 
at each pier on cast-iron bed-plates fixed on the piers, with steel 
expansion rollers at one pier. Each lattice girder is 12 feet 
deep between the intersection of the lattice bars. The booms 
are trough-shaped, and connected with double-lattice webs. The 
web is formed of a double set of lattice bars riveted to the 
vertical plates of the booms, and inclined at an angle of 43^ 25\ 
Each set of lattice bars consists of seven systems of triangula- 
tion, the flat tension bars varying from 6" x |" to 4" x i", and 

' Railway Bridges Inquiry GommisBioD, New South Walee, 1887. 
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the channel irons forming struts from 6" x 2i" x i" to 3i" x 
IJ" X i". 

The data for calculations are as follows : — 



Effective span = 156' 0" 
„ depth = 72' 0" 
Dead load on each girder = 0'6 tons per foot run 
jjive ,, ,, ^y ^^ \j i f, ,, ,, ,, 

Weight at each apex due to dead load = 0*6 x 3 = 1*8 tons 
- „ „ „ „ live „ =0-7x3 = 2-1 „ 

e = 43° 25' .-. sec tf = 1-37274 

Wisec = 1-8 X 1-37274 = 2*5 tons 

W sec e 2-1 X 1-37274 



I 



52 



= -0554 tons 



The following table gives the bending moments, stresses, and 
areas required in the bridge. By comparison of this table with 
the diagram of areas, Fig. 173, we have — 

Maximum stress in compression = 3-72 tons per square inch 
,, „ tension =4-37 „ „ ,, 





1 


Table XXXTI 








Area required. 


M -^ 


M = -66(6084 - X') 


Stress. 
















32955 


Top. 
82-39 


Bottom. 





395400 


65-91 


5 


3938-35 


328-20 


8205 


65-64 


10 


3889-60 


32413 


81-03 


64-82 


15 


3808-35 


317-36 


79-34 


63-47 


20 


3694-60 


307-88 


76-97 


61-57 


25 


3548-35 


295-69 


73-93 


59-14 


30 


3369-60 


280-80 


70-20 


5616 


35 


3158-35 


263-19 


6579 


52-64 


40 


2914-60 


242-89 


60-72 


48-57 


45 


2638-35 


219-86 


54-96 


43-97 


50 


2329-60 


194-13 


48 53 


38-82 


55 


1988-35 


165-69 


41-42 


33-14 


60 


1614-60 


134 53 


33-64 


26-91 


65 


1208-35 


100-69 


25-17 


2014 


70 


769-60 


64-13 


1603 


12-82 


75 


338-35 


2819 


7-05 


5-62 


78 


000 


O'OO 


000 

1 


000 



CHAPTER IX. 



BOWSTRING AND POLYGONAL GIRDERS. 



The stresses in girders or trasses with carved or polygonal 
flanges or chords may be most conveniently ascertained by the 
method of moments explained in Chapter III. 

Let Fig. 174 denote an inverted bowstring girder or trass, in 
which the bottom chord is a polygon inscribed in a parabolic 




curve. Let the span be 48 feet, the central depth 6 feet, the 
number of panels 8, the length of each panel 6 feet, the live 
load equivalent to 5 tons at each panel-point, the dead load 1 
ton at each panel-point. 

The reaction at the left support due to all the panel-points 
being fully loaded is — 

K = a + ^ + . . • + D + 5(Jh + fj + ... + -3) 

= 8-5 -f- 17-5 

The stress in AO, denoted by AO, is found by taking moments 
about the point 2, the lever arm or the length 8*2 being 2*62 
feet. 

AO(2-62) -f- B(6) = 

.: AO = - (17-5 + 3-5) 2:^2 = ~ ^^'^^ ^^^ 
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The stress in AX is found by taking moments about the 
point 8, the lever arm, or the perpendicular distance from 8 on 
AX, being 2'4 feet — 

- AX(2-4) + R(6) = 

/. AX = + (17-5 + 8-5)^ = 52-5 tons 

The stress in the vertical member AB is found by passing a 





OK/IO kO40. 

Fig. itft. 



LIVt LMO HT 4ptX 9. 
FlU. 176. 



plane through AO, AB, and BX, and taking moments about the 
intersection of AO and BX. 

- AB(8-4) - R(2-4) = 

/. AB = - (17-5 + 3-5)f't = - 6 t<>»s 

8*4 

The stresses in the three members of the second bay may be 



N M K ei 




Live LOilD m tflPCX & 

Fro. 177. 



found by passing a plane through PC, BG, and BX, and taking 
moments, thus — 

For the stress in PC take moments about the point 4, for 
BX take moments about the point 3, and for BG take moments 
about the intersection of PG and BX — 
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4-5PC + 12R -- 6 X 6 « 

21 X 12 - 36 
/. PC = - - -- - = - 48 tons 

4-5 

- 2-5BX X + 6B = 

.-. BX = + ^^^ = 50-4 tons 

2-5 

5-04BC - R X 2-4 + 5 X 8-4 + 1 x 8-4 = 



J X 2-4)} 
I X 2-4)} 




This equation may be written thus — 

= 5-04BC - {(i + . . . + §)2-4 - (8-4 
- 5{(i + . . . + 1)2-4 - (8-4 
.-. = 5'04BC - (6-3 - 6-3) 

- 5(6-3 - 6-3) 

This equation shows that the 
diagonals are unstressed when 
the bridge is completely loaded, 
either with the dead load only 
or with the dead and live loads. 
If the panel-points on the 
right-hand side of the section 
plane cutting the three bars in 
the bay under consideration are 
fully loaded, and the panel- 
point on the left is loaded with 
the dead load only, the equation 
becomes — 

= 504BC - (6-3 - 6-3) 

- 5 X 6-3 
.-. BC = 6-25 tons 

Hence the greatest tension on any diagonal occurs when the 
panel-points on the right are fully loaded. If the panel-point 
on the left is fully loaded, and those on the right with the dead 
load only, the equation becomes — 

= 5-04 BC - (6-3 - 6-3) 

+ 5x63 
/. BC = - 6-25 tons 

Hence the greatest compression on any diagonal occurs. 



UVt LOtfID KX UPtX 7. 
tMLF COHLt. 



f f T f r f r 

Fxo. 178. 
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when the panel-points on the left are fully loaded, and those on 

the right with the dead load only. 

In a similar manner 
it can be shown that 
when the diagonals slope 
in the contrary direction, 
i.e. from 2 to 5, instead 
of from 3 to 4, the same 
rule holds good if the 
word *' tension" is altered 
to " compression," and 
vice versa. 

If both diagonals are 
present, they should be 

designed for tension only, in which case only one will be in 

action at a time, and the vertical members will be in compression. 
In a similar manner the stresses in the remaining bars may 

be found and tabulated, or they may be written on the members 

of the girder, as in Fig. 180. 

If the girder have a single system of triangulation, the 

stresses may be derived from Fig. 180, thus — 




Live LOAD /ITAPCX S. 
HALF «MLI. 

FlO. 1?9. 




««•/ 



Fig. 180. 



The stresses in the bowstring truss shown in Fig. 174 may 
be determined by drawing reciprocal figures to scale, and 
measuring the lengths of the lines as explained in Chapter III. 
One diagram is sufficient to determine the stresses due to the 




Fio. 181. 



dead load, but for the partially distributed live load it is 
necessary to consider the stresses for the live load at each apex 
separately, and then to combine the results for the total stress. 
Fig. 175 shows the reciprocal figure for the bowstring truss 
for the dead load ; Fig. 176, the live load only at the apex 3 ; 
Fig. 177, the live load at apex 5 ; Fig. 178, the live load at apex 
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7 ; and Fig. 179, the live load at apex 9. The sum of the 
stresses obtained by measuring the lines in the reciprocal 
figures and tabulating the results may be used as a check on 




Fig. 182. 



the method of moments, in which case the mean value should 
be taken in designing the structure. 

In a polygonal girder in which the panel-points in the 
polygonal chord do not lie on a parabolic curve, the dead load 
will produce stresses in the diagonals. Thus Fig. 188 shows a 
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Fig. 183. 



form of truss suitable for a timber bridge, and Fig. 184 a truss 
of the same dimensions suitable for an iron or steel bridge, the 
compression members in each case being denoted by thicker 
lines. 

For a highway bridge with a roadway 20 feet wide and two 
overhanging footways each 5 feet wide, the dead load at each 
panel-point is about 14 tons, and the live load 11'2 tons, or 0*8 
of the dead load. 

The stress in the diagonal member in the third bay, denoted 
by Y3, Fig. 183, is therefore— 
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= 



.-.0 = 



.-. ^3 = 



- 10%, - [14{(^ + . . . + 1)100 - (120 - I X 100) 

- (140 -%x 100)}] - 0-8[14{(i + . . . + t)100 

- (120 - I X 100) - (140 - i X 100)}] 

- lOa^s - 2625 + 1865 



- 2100 + 1092 
— 81*1 tons 
+ 1-5 



>> 



For the dead load only — 



=; - 108^3 - 2695 + 1365 
/. 3/3 = - 11-7 tons 



/ 



/ 



^ 



:/ 



/ 



/ 



/ 




/ 



\ 



/ 



/ 



/ 






\ 



/ 



/ 



\ / 

\ / 



\ 



V 



Fro. 184. 



In Fig. 184- 



= 



.-. = 



••• 3/3 = 



116^/ - [14{(J + . . . + ^)100 - (120 - J X 100) 

- (140 - t X 100)}] - 0-8[14{(^ + . . . + 1)100 

- (120 - ^ X 100) - (140 - f X 100)}] 
116^3 - 2625 - 1365 

- 2100 + 1092 
+ 29 tons 



The stresses in the diagonals of the fourth bay. Fig. 188, 
are — 
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= 139^4 - [14{(J + . . . + 1)100 - (120 - J X 100) 

- (160 - f X 100)}] - 0-8[14{(| + . • . + J)100 

- (120 - g- X 100) - 160 - § X 100)}] 
= 1397/4 - 1750 + 455 + 910 + 1365 

- 1400 + 364 + 728 + 1092 
/. = 139^4 - 1750 + 2730 

- 1400 + 2184 
/. 2/4 = - 22*7 tons 

+ 3-0 „ 

In Fig. 184— 

= 1282/4 - 1750 + 2730 
- 1400 + 2184 
.-. 2/4 = + 24*7 tons 
- 7-5 „ 

In a similar manner the remaining stresses may be found. 

In Fig. 183 it would be desirable to introduce counterbraces 
in the four central panels, as indicated in the dotted lines ; 
the largest dimensions should be at right angles to the plane of 
the truss, for the sake of greater lateral stiffness. The diagonals 
should be designed for compression only, and provision should 
be made for taking up the shrinkage of the timber, such as by 
means of wedges at the joints, which would put the diagonals 
in initial compression. Otherwise the diagonals should be de- 
signed for both tension and compression. The tension members 
are conveniently constructed with a group of four iron or steel 
bolts, which may be screwed up as required. , 

The use of wedges and counterbraces introduces some am- 
biguity in the determination of the stresses. 

In Fig. 184 the two middle panels should be counterbraced 
by means of rods provided with union screws for putting the 
counterbrace in initial tension, or these may be omitted and 
the diagonals designed for compression as well as tension, which 
may easily be accomplished in an iron or steel bridge, thus 
avoiding any ambiguity in the determination of the stresses. 

The stresses in these trusses might also be found by means 
of reciprocal figures, as illustrated with respect to the truss 
shown in Fig. 174. 



CHAPTER X. 

THE SLOPE AND DEFLECTION OF BEAMS SUPPORTED AT THE ENDS — 
BENDING MOMENTS, SHEABINO STRESSES SLOPE ; AND DEFLEC- 
TION OF BEAMS FIXED AT ONE OR BOTH ENDS. 

The investigation of the equations of slope and deflection re- 
quires a knowledge of the calculus, but the principles on 
which the investigation is based may be understood without 
such knowledge ; also the results, which will be found tabulated, 
may be used in connection with the slope and deflection of 
beams as ordinary formulae. 

By referring to Fig. 75, which represents a beam deflected 
under the action of transverse loads, we may proceed as fol- 
lows : — 

Let B = the radius of curvature of the neutral axis of the 

beam. 
a = the strain or elongation per unit of length of the fibre. 
y = the distance of the extreme fibre from the neutral 

axis. 
{ = the length, measured along the neutral axis, between 
two planes which are parallel in the undeflected 
beam, but which converge towards the centre of 
curvature in the deflected beam. 
I + al = the increased length due to bending, measured along 
the extreme fibres. 
/ = the intensity of stress at the extreme fibres. 
E = the modulus of elasticity. 
I = the moment of inertia. 

i = the slope of the beam at any point x from the origin. 
V = the deflection of the beam. 
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Then it has been proved that — 

K + V I + al ^ y 

-^=1- •••1+1 = 1 + - 

but m Chapter V. it has been proved that — 

y I y 

" R~E^~EI 
It is proved in books on the Differential Galcnlas that — 

1 dx' 



In the case of beams the deflection is small, so that the 

value off T" ) is so small that it may be neglected, in which 

case — 

1 (Pv M 



E dx" EI 

If i denote the circular measure of the slope of the beam at 
a distance x from the origin of co-ordinates, since — 

i = tan i = -r- nearly 

dx ^ 

dx'^El 



, dv [M , 
dx J EI 



"=//ii- 



=, .da? 



E is a constant for the same material, and I is a constant if 
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the section of the beam is uniform ; M can also be expressed in 
terms of a ; so that the above equations may be isnritten — 



i = ^-|M.d«,and» = ^^-JjM. 



da? 



The method of using these equations is illustrated in the 

following examples. 

Case I. — Cantilever loaded at the extremity. 

In this case — 

M = - W(c - 05) 




,.,= .W|(,_^. 



FiO. 186. 



)dx 
EIV 1) 



When « = 0, i = 0. .-.0 = 

W/ 

:. 1= — :=r-- I CX 



EIV 






(1) 



V 



When { is the slope at a distance x from the origin — 

W 
EI 

When aj = 0, » = 0. /. C = 



f. , W /■/ a!»\ , W/ca!» ojS 



W/cas* x" 



•'• "- ~EI^"2 



-i) 



(2) 



To find the greatest slope and deflection, we have only to 
remember that both equations (1) and (2) reach their maximum 
value when (b = c ; hence, denoting the greatest slope and deflec- 
tion by to and Vq respectively, we have — 

Case II. — Beam supported at both 
ends and loaded uniformly, the load 
being w per unit of length. 

In this case — 









FiQ. 186. 



' = ^kj^^"^^'' = 



Wlx U'X^ w , 

w f Ix^ a? 



2EIV 2 



-3) + ^ 
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When a? = -, / = 0. 

• c- --^/"----O- - ^^ 



2EIV8 24/ 



24EI 



2EIV2 8 7 24EI 24EI ^ 

.-. r = U . dx = 2^ j (6te* - 4iB» - P)daj 



»r 



i2laP - as* - ?«) + C 



24EI 

When aj = 0, » = 0. .-.0 = 



and V = 



w 



24EI 



{2las* -X*- Px) 



To find the greatest slope, pat 0;=: 0, ox x = l. 
*o = ;rr^T = jttetFj where W = wt 



24EI 24EI' 



i 



For the greatest deflection, put « = ;:• 



• . Vn — 



5WP 



24EIV16/ 384EI 384EI 



In a similar manner, the greatest slope and deflection may be 
found for any beam loaded in any way whatever. 

In the following table W = wl = the total load will be 
used : — 

Table XXXIII. 

Tablb of Maxima Slopes and Defleotioks fob Beams of Unifobm Section. 



Deacrlptlon of beam. 



Fixed at ooe end and loaded at the other 
Fixed at one end and loaded unifonnly 
Supported at both ends and loaded at the centre 
Supported at both ends and loaded nniformly ... 



Greatest slope. 



Wl« 

2EI 

Wl« 

6EI 
Wl^ 

16EI 
Wl' 

24EI 



Greatest deflection. 



Wl« 

3EI 
W 

8EI 
Wl» 

48EI 
5W1» 

384EI 
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By referring to the results in the foregoing table, it will be 
seen that both the slope and deflection are proportional to the 
load, bat that the slope is proportional to the square of the 
length, while the deflection is proportional to the cube of 
the length. Hence we may express the slope and deflection 
thus — 

'"- EI ''«- EI 

where n and m have the numerical values given in the fore- 
going table ; thus in the case of a beam supported at both ends 
and loaded uniformly, n = ^, and m = ^^. 

It is frequently convenient to express the slope and deflection 
of a beam in terms of the maximum intensity of working stress ; 
thus in the case of a beam supported at both ends and loaded 
uniformly — 

S y " ly 

fl 
Hence the slope lo = ' 



and the deflection Va = 



SEy 

5/P 



48E^ 

In this case the slope is proportional to the length, while 
the deflection is proportional to the square of the length. 

In a similar manner, the slopes and deflections of the other 

three cases may be expressed in terms of the maximum 

intensity of working stress. Hence we may express to and ro 

thus — 

. n'fl . m[fP 

to = jg^,andt^o=E^ 

In rectangular beams — 

By substituting these values in the foregoing table, we 
obtain formulae applicable to rectangular beams ; thus in 
the case of a beam supported at both ends and loaded uni- 
formly — 

" "" 2EbcP' ^""^ ""' ■" 32E^rf^ 
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If we denote the intensity of stress at the extreme fibre by/, 
we have — 

'° "" 3E.r ^'"'^ ""' - 24EtZ 

In a similar manner we may find the value of Zq and v^ for 
the other three cases — 

Beams of XJniform Strength. — In a beam of uniform strength 
the moment of resistance of any cross-section is proportional to 
the bending moment at that cross -section. 

In Figs. 187 to 194 we have various forms in which either 
the breadth or the depth is constant, except in Fig. 189, which 
is a beam of similar cross-section. Pigs. 187, 188, and 189 



Fig. 187. 



Fio. 188. 



Fig. 189. 



.X 



H' 








Fig. 190. 



Fio. 191. 



Fig. 1U2. 



represent cantilevers of uniform strength when loaded at the 
extremity with a concentrated load; and Figs. 190, 191, and 
192 represent cantilevers loaded with a uniform load. 

Fig. 193 shows the shape of a beam of uniform strength. 




Fig. 193. 



Fig. 19i. 



supported at both ends and loaded in the centre when the depth 
is constant. 

Pig. 194 shows a beam when the breadth is constant. 
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Fig. 196 shows the shape of a beam for similar cross- 
section. 

In practice the above forms could not be carried oat^ as it is 

necessary to provide for the resist- 
ance to the shearing stresses as 
well as the bending moments ; con- 
sequently they may be modified 
'W""^ as shown in Pigs. 196 and 197, 

*''^*'*- where the sectional areas over 

the supports are made in accordance with the shearing stresses. 
In beams of uniform strength the moment of inertia is not 

M 
conGTtant, and the term — contains two variables. 

iiil 





FiO. 196. 



Fig. 197. 



In the case of Fig. 187, d is constant, and h varies ; here, if 
bi denote the breadth of any section, ti = 6-. 

V 

If fc = 6i, and d varies, as in Fig. 188, then di^ = rf^, where di 

V 

denotes the depth at any section. If both b and d vary, as in 
Fig. 189— 

b_hi _bdi 

d di " rfj 

In Fig. 187— 



2fl 



•••/ = 



21 



where di = 2tf ; but in rectangolar sections — 



since / is a constant ; 



mx_6m 

6 A* ~ bJ? 



•• bd"' 



X 

T 



Was 



*** dxt~ EI ~ TfiEWdi' 
where b and h vary. 
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If the height is constant and equal to d, then bi = 



hx 
T 






12Wi 



dy 



ay 
Integrating this expression, and remembering that 7' = iivhen 

a; = Z, we have — 



dv 
dx 



12WZ» 12WP 



Integrating again, and remembering that v = when a? = Z, we 

6Wte» 12WPfl! 6Wi» 






EflPi Ed»6 Ed*6 
6W^ 



The maximum deflection is ro = :^r^, whereas, for a uniform 



E(P&^ 



4WP 



cross-section we found Vo = iprsi^ or the beam of uniform strength 

deflects one and a half times as much as the beam of uniform 
cross-section. 

In a similar manner, it may be proved that the beam of 

constant breadth (Pig. 188) deflects v^ = j,^, or tvrice as much 

as the beam of uniform cross-section. _^ 

36PP 
Also, for similar cross-section (Fig. 189), we have ro = gg^j 

For any cross-section, using the general formulae — 

*o ^ and Vn ^ — .T 

EI ' EI 

we have the following values for n and m : — 

Table XXXIV. 

Tabls of Values fob n and m fob Beams op Unifobm Stbbsgth. 



Description of beam. 
Unifonn depth. 



Fixed at one end and loaded at the other ... 
Fixed at one end and loaded uniformly ... 
Snpported at both ends and loaded at the centre 
Supported at both ends and loaded uniformly 





n. 


m. 


. • • 


1 


1 

3 




X 


i 


. • . 


i 


t 


• • • 


f 
is 


64 


• •• 
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Table XXXV. 



Dascription of beam. 
Uniform breadth. 



Fixed at oue end and loaded at the other 

Supported at both ends and loaded at the centre ... 
Supported at both ends and loaded uniformly 



fi. 



Ul. 



2 

i. 

0098 



0018 



Deflection of Beams under Loads developing a Known Intensity 
of Stress. — In this case we use the formula — 

/ denotes the maximum intensity of stress on the weaker side of 
the beam. 

lift denote the maximum intensity of tensile stress, and/c the 



maximum intensity of compressive stress, then /= ^ -. 
(I denote the depth of the beam — 

mift +fc)P 



If 






Ed 



This formula may be applied to wrought-iron or steel girders. 
The values of m are given in the following table : — 

Table XXXVI. 



No. 



1 
2 

4 



.> 



7 
8 
9 



Uniform cross-section. 



Gantileyer fixed at one end and loaded at the other .. 
Cantilever fixed at one end and loaded uniformly 
Beam supported at both ends and loaded in the centre 
Beam supported at both ends and loaded uniformly .. 

Uniform Strength and Depth. 
Under either of the oonditions Nos. 1 to 4 

Uniform Strength and Breadth. 

Cantilever fixed at one end and loaded at the other 
Cantilever fixed at one end and loaded uniformly 
Beam supported at both ends and loaded at the centre 
Beam supported at both ends and loaded uniformly .. 



JL 

i 

•t 

48 



1 
8 



1 
■1I26 



In beams of uniform cross-section the formulae given may 
be used to calculate the deflection either under a known intensity 
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of stress or under a known load ; but the formulse given for 
beams of uniform strength, if used to calculate the deflection of 
beams which have been designed in the ordinary way with suffi- 
cient material at the ends to resist the maximum shearing stress, 
and the moment of resistance of the flanges made as far as 
practicable proportional to the bending moments, will give 
results which are in excess of those obtained by experiment. In 
plate, web, and lattice girder bridges the breadth is uniform, and 
the moments of resistance of the cross-section are made as far as 
practicable proportional to the bending moments. The deflection 
in these girders is assumed to be produced by the elongation and 
compression of the flanges, as the effect of the web in resisting 
deflection is so small that it may be neglected without causing 
appreciable error. The deflection may be calculated by assuming 
that the girder is of uniform strength and breadth, using the 

formula — 

0-1426(/, +/e)P 

'" Ed 

where /i = the maximum intensity of tensile stress. 

fc = M 99 compressive stress. 

I = the span. 
d = the depth. 
E = the modulus of elasticity. 

This formula will also give results in excess of those obtained 
from experiment for the reasons already explained. 

The camber of a girder may be calculated from this formula, 
which will always ensure that the girder will never be deflected 
quite to the horizontal line, and an allowance should be made of 
about 25 per cent, more than the calculated maximum deflection. 

The deflection of girders is usually allowed to be from y.^ox) 
to 2490 o^ ^^^ span, according to circumstances. 

The following examples of the deflection of railway bridges 
under a known intensity of flange stress are given to show how 
far the formula agrees with experiment. The loads consisted of 
locomotive engines, and the deflections were measured with 
multiplying levers. 

The test load is expressed in terms of tons per foot 
run, and it was arrived at by calculating the actual bending 
moments produced by the engine or engines standing on the 
bridge, the loads on the driving-wheels and the distance between 
centres being known. 
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The bridges were carefully measured and calculated in order 
to determine /e and^.^ 

The modulus of elasticity in a riveted girder wiU depend 
upon the number of joints, and the degree of tightness of the 
rivets, as well as the material. Experiments made by Sir B. 
Baker, M.Inst.G.E., on small riveted girders show that the 
rivets behaved as clamps for ordinary working stresses, the 
deflections being practically the same as if the girders were 
rolled in one piece. 

In a plate web girder bridge, however, it will generally happen 
that the modulus is 20 per cent, less than the material of the 
girder. 

For iron E varies from 10,000 to 12,000 tons per square 
inch. 

For mild steel E varies from 11,000 to 18,500 tons per 
square inch. 

For a riveted iron girder, from 8000 to 9500 tons per square 
inch. 

Examjdc I. — A plate web-girder bridge, single web. 

Effeotive span 
„ depth 
Dead load... 
Test load ... 
Ratio of test to total load 
Maximum intensity of stress in tension flange ... 6*75 tons per square inch. 

„ „ „ compression flange 4*30 „ „ 

Mean intensity of stress in flanges ... ... 5*535 „ „ 

„ „ due to test load ... 3*67 „ „ 

In these girders E will be taken as 9000 tons per square 
inch. 

0-1426 X 3-67 X 60 X 60 ^ ^,,, ^ ^ ^ ^o. • t. 

V = — — -— = 0-0445 feet = 0-534 inches 

9000 X 4*7 

The average deflection obtained on six bridges by taking the 
mean of the right and left hand girder was 0*472 inches. The 
maximum deflection obtained was 0*513 inches. 

On thirty-three spans, not differing much from the above 
example in design, but slightly better in workmanship, agreeing 
in loads and dimensions, the average deflection was 0*489 inches, 
and the maximum was 0*516 inches. 

Example IL — A plate web girder, single web. 

' ^ Report of Railway Bridges Inquiry Commission," New South Wales. 1886. 



... 60 feet. 

4*7 
... 0-76 tons per foot run. 
... 1*50 1) }f 

... U'OOO fy ff 
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Effective span ... ... ... ... 61 feet. 

«f ciep«ii ... ••« ... ...o f) 

Dead load ... ... ... ... ... 0*64 tons per foot run. 

jl esb loau •.. ... ... ... ...x *ou yy ^^ 

Batio of test to total load ... ... ... 07 „ „ 

llaximum inteiiBity of stress in tension flange ... 4*42 tons per square inch. 

„ „ „ compression flange 8'50 „ „ 

Mean intensity of stress in flanges ... ... 8*46 „ „ 

„ doe to test load ... 2*42 



E i^ taken at 9000 tons, altho.ngh the girders were much 
better designed. 

0-1426 X 2-42 X 61 X 61 ^ ^^^^ , ^ ^ ^o. . , 

r = — — — = 0-0238 feet = 0'286 inches 

9000 X 6 

The average observed deflection was 0-288 inches. 
Example IIL — ^A lattice girder bridge ; double lattice webs, 
trough-shaped booms. 

Effective span ••. ... ... ... 156 feet. 

jy Qeptn ••• •.. ... ... 1^ )| 

Dead load ... ... ... ... ... 1*2 tons per foot run. 

X es V loaQ ••• ... ■•• ... ...14 ff ^y 

Ratio of test to total load ... ••• ... 0*54 „ „ 

Maximum intensity of stress in tension boom ... 4*37 tons per square inch. 

„ „ „ compression boom 3*72 „ ,, 

Mean intensity of stress in flanges ... ... 4*045 ,, 

„ „ due to test load ... 2*18 „ 

E will be taken at 8000 tons in this case. 
0-1426 X 2-18 X 156 x 156 



V = 



8000 X 12 



= 0-0788 feet = 0*945 inches 



The observed deflection with three engines on the bridge, 
equivalent to 1-4 tons per foot run, was 0*88 inches, and with the 
same engines moving at about 40 miles an hour the deflection 
was one inch. 

In a girder bridge similar in every respect to the above, 
but with fewer loose rivets and slightly better workmanship, the 
deflection obtained with the stationary load was 0*82 inches, 
and with the moving load at 40 miles an hour, 0-90 inches. 

Beams fixed at the Ends. — A beam is said to be fixed when 
its ends are loaded in such a manner as to make the tangents at 
points of support horizontal. The fixing may be effected by 
building the ends of the beam into a wall (Fig. 198), or by 
loading the ends as shown in Fig. 199. 
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Maiik 




Fio. 199. 



When a beam is fixed by either of the above methods there 
is a downward deflection due to the load, and an upward 
deflection due to the fixing; hence it follows that there will 

Fio. 198. be two points, h and Cy 

where the downward deflec- 
tion changes to an upward 
deflection ; these points are 
^ V termed ' * points of inflexion ' ' 

or of " contra-flexure." The 

portions from a to 6 and 

__^ from c to rf act as canti- 

V i_ ^/ levers, while the portion 

from h io c acts as a beam 
supported at b and c and 
loaded as shown. The upward deflection caused by the upward 
bending moment is uniform from a to d. Since the tangents at 
a and d are horizontal, it follows that the upward slopes at 
these points, due to the upward bending moment, must be equal 
to the downward slope due to the load upon the beam. 

Case 7. — A beam of uniform section, fixed at both ends and 
loaded in the centre (Fig. 198). 

In the case of a beam supported at both ends, it has been 
shown that the slope at a and d is — 

. _ W 
'^ "■ " 16EI 

If M denote the upward bending moment, which is uniform 
from a to d^ the slope at a and d produced by it may be proved 
to be — 

• _ ^' 
'""" ■"2EI 



. M r Ma- 



/, 1 = wheu X = 



+ C 



.-. c = - 



m_ 

2EI 



Maj MZ 
•'• " EI "" 2Ei 



El\ 2/ 



The slope at a and d ia foxmd by putting a; = 0, or a; = / ; 

•'• * " " 2EI 
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and since ii + i^ = — 



WP _ MZ 
16EI 2Ei 



= 



/. M = - 



8 



which is the bending moment at either a or d. 

If Ml denote the downward bending moment at any point 
distant x from a or d^ the total bending moment M2 at x will 
he- 
ld: + Ml = Ma 
' Yfx Vfl 

/. Ma = - - 



8 



I 



When « = ~, we obtain the central bending moment, which we 

will denote by M3. 

_ WZ __ \\7 _ m 

'""'4 8 " 8 

Hence M = — Ma, and the bending moments may be repre- 
sented graphically as in Fig. 200. 




Fio. 200. 



I- 

1 




1 ^ 

1 




1 


* 1 


f 


1 















jtrl Fio. 201. 



To find the points of contra-flexure^ we observe that the 
bending moments must be zero at these points ; hence Ma = 0, 

Waj W/ ^ ^ I 

.*. — = 0, and aj := - 

2 8 4 



This is also clear from the above diagrams, Figs. 200 and 



201. 
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Slope and Deflection nnder Oiven Load. 



Woj Wf\ , Woj^ WZoj 



/"M , 1 f/woj vv6\ , woj* wfoj , _ 



When oj = 0, i = 0. .-.0 = 



dr W 



-1) + o 






8EIV 3 2 
and V = when a? = 0. /. C = 

•'•'^""8EU 3 2 
The maximum slope occurs at the points of contra-flexure, where 

X = - ; the maximum deflection when ^ = " ; 

. • _ wp 






64EI 
WP 

192EI 



Let / denote the maximnm intensity of working stress, and 
W the central breaking load, then — 

8~.v ' ly 



8E^' " 24Ei/ 

Case II. — Beam of uniform section, fixed at the ends and 
loaded with a uniformly distributed load. 

Proceeding in the same manner as before^ we obtain 
the downward slope at the ends, considering the beam as 
supported — 

'^ "" " 24EI 

The upward slope at the ends due to the uniform bending 
moment M is — 

Ml 

l2= - 



2EI 



Beams fixed at the Ends. 



i6i 



Therefore, since the slope at the ends must be zero — ; 

ii + ia = 

= ; and M = - 



24EI 2EI 



12 



m 



The bending moment at the supports is therefore — — ; the 

downward bending moment at any point distant x from the 

origin is — 

W 



the total bending moment will therefore be — 

W WZ 

M, = M, + M = -(te-aj^- — 

This is a maximum when x = 0, hence the greatest value of 

WZ 
the bending moment is — . 

The bending moment at the centre is found by putting 
I 



. = -. 



W/Z^ 



M,= r: 



_P\ wz_ 
4 y 12 ^ 



WZ WZ 
12 



2ZV2 4/ 12 24 

The bending moments may be represented graphically as in 
Fig. 202. 
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To find the points of contra-flexure, we have- 

„ ^ W„ , WZ 
M, = = -(te-«?)-- 

l , I 
•'• " - 2 - Vi2 



M 
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which may be written— 

which is represented in Fig. 202. 

The diagram of shearing stress is shown in Fig. 208. 
Slope and Deflection. 



-/ 



si'^ = i^i^^^ - ^ - ^-'^ 



the constant vanishing when i = and a; = 0. 

W 



V =: 



12iEI 



H-^?^l 



the constant vanishing when i; = and x = 0. 

Hence for the maximum slope and deflection we have, for 

slope putting x = -( 1 + -7=), and for deflection putting x = - — 



• - _ ^^ 



72V3EI 
WP 

^*^'^="884EI 

The slope and deflection under the maximum intensity of 
working stress, denoted by/, may be found thus — 

12 y yl 

••'•- 6V3E1/ 

-. -^ 
"* ~ 32EI 

Case III. — Beam of uniform section supported at one end 
and fixed at the other, and loaded in the centre. 

This case may be investigated in a similar manner to Gases 
I. and 11. The results are recorded in Figs. 204, 205, and 206. 

The deflection at the centre is — 

0-0091WP 
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i6 



o 



The maximum deflection is — 



^0 = 



0-0093WP 
EI 



Case IV. — Beam of uniform section supported at one end and 
fixed at the other, and loaded uniformly with a distributed load. 
The results of this case are recorded in Figs. 207 and 208. 

0-0054WP 



rn = 



EI 
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Fig. 206. 



Jl* FiQ. 206. 



Summary of Betults. — For beams fixed at both ends and 
loaded at the centre the strength is twice as great, and the 
stiffness four times as 
great, as the same beam 
merely supported at the 
ends. 

For beams fixed at both 
ends and loaded with a 
uniformly distributed load 
the strength is one and a 
half times as great, and 
the stiffness five times as 
great, as when merely sup- 
ported at the ends. 

The shearing stresses are not affected by fixing in either of 
the above cases. 

For beams fixed at one end and supported at the other: 
For a central load the 
strength is increased one 
and a third times, and the 
stiffness 2*28 times, over 
that of a beam supported 
at both ends. 

The shearing stress is 
increased at the fixed end 
and diimnished at the sap- 

ported end. For a distributed load the strength is not in- 
creased by fixing one end, but the stiffness is increased 2*89 
times. The shearing stress is increased at the fixed and 
diminished at the supported end. 

It is not correct to build in the ends of cast-iron beams in 
order to fix them, as the smaller flange is put in tension at the 



-« 




Fio. 207. 



^Fio. 30C. 
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fixed points. Wrought-iron beams, whether built or rolled, may 
be fixed by supporting them on a bed-stone, and putting a 
similar stone on the top flange to discharge the weight of the 
wall on the ends of the beam. 

Timber beams should not be built into walls in order to fix 
them, as dry rot is almost certain to occur from the want of 
proper ventilation. 

The cross-girders of box web-girder bridges may be riveted 
to the main girders at the ends in such a manner as to fix 
them, in which case they should be designed as fixed beams. 

The fixing tends to cant the main girders inwards, and the 
advantage of fixing is doubtful. 



CHAPTEE XI. 

CONTINUOUS GIBDEBS AND THEIR APPLICATION IN ROAD AND RAIL- 
WAY BRIDGES — BBESSUMMER BEAMS AND WABEHOUSE FLOOBS. 

A GiBDEB supported at each end and at one or more inter- 
mediate piers is said to be continuous over these piers. In the 
case of a girder of 150 feet span, supported at each end and at 
two intermediate piers spaced 50 feet centres^ the girder is said 
to be continuous over two piers in spans of 50 feet. 

The complete investigation of the stresses in continuous 
girders, and the slopes and deflections, will not be attempted in 
this work, but the results of these investigations will be made 
use of sufficiently to illustrate the methods of designing 
continuous girders for various purposes. 

Two cases will be considered — 

1. When the load on any span is uniformly distributed over 
that span. 

2. When the loads are concentrated at one or more points in 
a span. 

A third case might occur with both distributed and con- 
centrated loads, but this could obviously be treated by combin- 
ing the results of each loading considered separately. 

The assumptions made in the various examples considered 
in this chapter are — 

1. That all the supports are on the same level or on the 
same uniform gradient. 

2. That the girder is uniform in section throughout its 
length. 

With regard to the second assumption, which is never 
realized in bridges, in which the material is disposed in 
accordance with the variations in the stresses, the errors in the 
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stresses need not lead to errors in the design of the yaxious 
members of any practical importance. 

Let Mo, Ml, M2, and M3, Fig. 210, denote the bending moments 
at the points of support A, B, C, and D respectively. 

Let 2iy Z2, and ^ be the lengths of the spans, and w^^ tih, and 
te?3 denote the loads per lineal foot. 

Then, on the assumptions stated, it can be proved that — 

MoZi + 2Mi(Zi + y + MaZa + iiicj^^ + w,h^ = 

This equation expresses the relation between the bending 
moments at any three consecutive piers ; it is known as the 
equation of three moments, and was first demonstrated by 
Clapeyron. 

The moments Mi and M2 in Fig. 210 tend to bend the 
girders upwards ; thus in Fig. 209, which shows a continuous 
girder of three spans, the deflection over the piers B and G is 
upwards, and the diagram of upward bending moments is 
represented by the figure A6cD, Fig. 210. The bending moments 
over the points A and D are zero. 



k Total Imtd^ml, - -* - 



^ - -•- -Total i'Oad^i 




Fro. all. 



Beside the upward bending moments, which attain their 
maximum value for adjacent spans at the points B and G, there 
are downward bending moments between the supports, which act 
in precisely the same manner as in ordinary beams supported 
at AB, BG, and GD. The resultant bending moment at any 
point is the difference between the upward and downward 
bending moments at that point. 
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Let the curves described upon AB, BC, and CD denote the 
bending moments over these spans respectively considered as 
detached beams. In the case of uniform loading these curves 
are parabolas, and since the upward bending moments are 
denoted by the figure khcD, the shaded areas represent the 
resultant bending moment ; thus the bending moment at the 
point y is denoted by the ordinate ef. 

At the points g^ h, j, and k, corresponding with the points 
^i9 ^9 ^ and 0^4 on the girder, the bending moment is zero, 
or the upward bending moment is exactly balanced by the down- 
ward bending moment. The points Xi, o^, x^, and x^ are termed 
points of inflection or contra-flexure. The portion of the span 
AB between A and Xi is subjected to the same bending moments 
as an ordinary girder supported at A and Xi and loaded with 
the same load per foot run as that on the span AB. The 
portions between osa and x^ in the span BG, also between x^ and 
D in the span CD, are similarly subjected to the same bending 
moments as in ordinary beams supported at points correspond- 
ing with the points of contra-flexure, o^, x^, and X4,, and loaded 
with the same load per foot run as that on the spans BC and CD 
respectively. 

The portions o^iB, Ba^, x^G, and Cx^^ act as cantilevers, each 
loaded with a uniform load corresponding with that on the 
particular span in which the portion referred to occurs, in 
addition to a load at their extremities corresponding with the 
reactions at Xi, x^, x^, and X4, considered as ordinary detached 
girders supported at AjXi, ob^, and xj) respectively. 

The shearing stresses may therefore be derived by consider- 
ing the whole girder between A and D as made up of detached 
girders and cantilevers in the manner described, thus: The 
shearing stresses q, q, u, and u are each half the load on the spans 
Axi and X4IC ; the portions rr are the shearing stresses at X2 and 
x^, and are equal to half the load on the portion x^. 

The shearing stresses on the girder are represented by the 
diagram. Fig. 211. 

The pressures on the supports A and D are equal to the 
shearing stresses at these points, and the pressures at B and G 
to the sum of the shearing stresses from the adjacent spans ; 
thus at B the pressure iss + v. 

The method of calculating the stresses in continuous girders 
may be summarized as follows : — 
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1. Find the bending moments over the piers, and draw the 
diagram of upward bending moments khcDy Fig. 210. 

2. Draw the diagram of downward bending moments on the 
same datum line, AD, Fig. 210, and on the same side of it as the 
diagram of upward bending moments ; then find the points of 
contra-flexure and the resultant bending moments in each span. 

8. Draw the shearing-stress diagrams for each span, Fig. 
211, and obtain the pressures on the piers. 

When the bending moments over the piers are obtained, the 
equations of bending moments and shearing stresses for each 
span can be easily written down and the results tabulated. 

Example. — A railway bridge for a single line is constructed 
with two main girders, each 480 feet long, continuous over two 
piers, forming three spans each 159 feet centres. 

The effective depth measured between the centres of gravity 
of the top and bottom chords, or booms, is 12 feet. 

The dead load on each main girder is 0*6 ton per foot run. 

The equivalent uniformly distributed load is 0*7 ton per 
foot run. 

The total load on a span is therefore 1*8 ton per foot run. 

In the equation of three moments Z^ = Z2 == h stud Mo = 
M4 = 0. 

Case I. — The first span loaded with the live and dead load 
(wi = 1*8), the remaining spans loaded with the dead load only 

The substituting in the three-moment equation, we obtain — 



2Mi(20 + MjZ = - i(M?2y + tvili'l 

Ml® +.2M2(2Z) = - iiwj^^ +_2vJ^^} _ 

.-. I6M1 + 4M2 = - 0-6 X 159* - 1-3 X 159' = - 159^1-9) 
4Mi + I6M2 =-2x0-6 xl59' = - i59''(l-2) 
.-. Ml = - 2696-64 foot-tons 
and Ma = 1222 foot-tons 

The equation of bending moments for the first span is — 

y = 0'66(159aj - aj^ - 16-96flj 

To find the point of contra-flexure, let y = 0, then x = 182*9 
feet; hence the point of contra-flexure is 26*1 feet from the 
first pier. 

The equation of bending moments in the middle span is — 

y = 0-8(159a; -a^ - 1222 - 9-27aj 
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When y = 0,ai = 89-55 and 58-65 feet; hence the pointa of 
contra-flexnie occur 89*55 feet from the first pier, and 58"65 
feet from the second piei. 

It ynW not be necessary to consider the third span, as, when 
the live load approaches from the right instead of the left, the 
stresses will he the same as in the first span already considered, 
which will esoeed considerably the stresses due to the dead load 
only on this span. 

Shearing Streatet. 



first pier = 86-38 + 26-1 x 1-3 = 120-81 tons. 
Second span at first pier = 95-85 x 0*6 = 57-6 tons. 
,, ,, second pier = 64 x 0"6 = 55-38 tons. 

The diagram of bending moments and shearing stresses is 
shown in Figs. 212 and 213. 

If the Hyo load had extended from the middle of the first 




span to the middle of the second span, the moment over the first 
pier would have been about IJ per cent, greater than that found 
in Case I., but partially distributed live loads will not be con- 
If the train approaches from the right headed by two 
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engines, the whole bridge may be covered with the live load ; 
this may be taken as uniform throughout. 

Case IL — Three spans loaded with 1*8 ton per foot run. 

The three-moment equation becomes — 

2Mi(2Z) +M2/= -i(2/riP) 
.-. 8Mi + 2M:a = - /tiP) 
also 8Ma + 2Mi = - iL\n 

hence Mi = M^ = - "jj" = - ^'^ ^^^^ = - 3286-5 foot-tons 

The equation of bending moments for the first and third 
spans becomes — 

y = 0-65(159aJ - a?^) -20-67aJ 
where x = the distance from the left and right abutment. 

If y = 0, oj = 127-2 feet 
The equation of bending moments in the middle span is — 

y = - 3286-5 + 0-65(159a5 - a?) 

from which we find, by making y = 0, aj = 115 and 44 feet ; 

hence the points of contra-flexure occur 44 feet from each pier. 

Shearing Stresses. 

127'2 X 1*3 
First and third spans over abutments = = 82*68 tons. 

over piers = 95-4 x 1-3 = 124*02 „ 

159 X 1*3 
Middle span over piers = - = 103*35 tons. 

Comparing Gases I. and II., we observe that the shearing 
stresses and bending moments overthe piers is greater in Case II., 
while the bending moments between the left abutment and point 
of contra-flexure is greater in Case I. 

Case III, — First and second spans loaded with 1*3 ton per 
foot run ; third span loaded with 0*6 ton per foot run. 

Here 8Mi -f- 2M2 = - il\J^ \ _ 

16M2 -f 4M, = - {wj? + ^vj:^y^^^^ ^^'^ - '''^ 

/2 25281 

.*. Ml = - (7mi - w'3)- = - (9-1 + 0-6) — -- = - 3581-3 foot-tons 

bO 60 

M2 = - 2106*7 foot-tons 
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Equation to first span is — 

y = 0-65(159a? - ar*) - 22-52aj 

therefore the point of contra-flexure is « = 124-35. 
Equation to second span is — 

y =0-65(159iB -a") - 2106*7 - 9-27flJ 

therefore the points of contra-flexure occur at 42*65 feet from 
the first pier, and 28*85 feet from the second pier. 

Ca%e IV. — First and third spans loaded with 0*6 ton per foot 
run ; middle span loaded with 1*8 ton per foot run. 

Here I6M1 + 4M2 = - (iviP + u'/O) 
I6M2 + 4Mi = - (/(;/- + WiP)S 
.'. Ml = Ma = - 2401*7 foot-tons 

Only the middle span need be considered for this case, the 
equation of which is — 

y =0*65(159aJ - a?') - 2401*7 

therefore the points of contra-flexure occur at 28*27 feet from the 
piers. 

The shearing stress over the piers for the middle span is the 
same as in Case II. 

Case V. — First and third spans loaded with 1*8 ton per foot 
run ; middle span loaded with 0*6 ton per foot run. 

Here Mi = Ma, as in Case IV., viz. 2401*7 foot-tons. 

Equation of first and third spans is — 

y = 0*65(159aj - a:') - 15*105aj 

therefore the points of contra-flexure occur at x = 185*76 feet 
from either abutment. 

The shearing stresses are less than in the cases already 
considered. 

Comparing the foregoing cases, we see that the maximum 
bending moment for the first and third spans between the point 
of contra-flexure and the abutments occurs for the loading con- 
sidered under Case V., which gives the longest effective span. 

The maximum moment over the piers and in the cantilever 
portions occurs for the loading considered in Case III. The 
middle span is subjected to greatest bending moment about the 
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centre in Case lY., and in the cantilever portions in Cases I., 
III., and V. 

The maximum shearing stresses in the side spans occur in 
Cases III. and V., and in the middle span in Cases III. and IV. 

The diagram of shearing stresses for a moving load will be 
semi-parabolas between the abutments and points of contra- 
flexure in the first and third spans, and straight lines tangential 
to the parabolas for the cantilever portions. In the central 
span the shearing stresses in the portion between the two points 
of contra-flexure will be represented by parabolas and the two 
cantilevers on each side by straight lines. 

The diagram of maxima bending moments is shown in Fig. 




Fig. 214. 

214. The moments of resistance of the flange plates provided 
to resist them may be plotted as in Fig. 173, Chapter VIII. 

The diagram of maxima shearing stresses is shown in Fig. 
215. 

It will be observed that the points of contra-flexure are con- 
tinually changing during the passage of the live load, hence the 
working stress must be taken much lower about the region 
of the points of contra-flexure, and the diagonal members of the 
web must be counterbraced for reversals of stress, or designed 
for compression as well as tension. 

Concentrated Loads. — The equation of three moments for 
concentrated loads, for the case when all the supports are on 
the same level or on the same uniform gradient, and the section 
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n 
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of the girder is uniform throughout its length, may he expressed 
as follows : — 

where — 



The use of this equation will be illustrated in the following 
example. 

A bressummer beam of two spans, continuous over one sup- 
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port, carries a shop-front and portions of the floors above. The 
whole of the load is applied to the beam through masonry piers 
built upon the upper flange. The magnitudes and points of 
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application of these loads are illustrated in Figs. 216 and 217. 
In this case Mi = M3 = 0, and the equation becomes — 
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3 ' 


-I^S^' 


-'"■•n^Lfl^-- 


-1') 




^^^^ 


-«-e;;i«'*- 


- 4* 




-fvii^^- 


- 2-2") = 




.-. 7-7M, 


+ 502-5 + 62-1 + 51-03 + 74-94 + -2-23-1 


= 


.-. 7-7M, 


= - 913-67 






.-. M, 


= - 118-6 foot-tons 





The diagram of bending moments AbcdB and B/gC, for tlie 
fipanB AB and BC considered as detached girders, should be 
plotted to a sufficiently large scale, as well as the diagram of 
upward bending moments APC, and their intersections noted, 
from which the points of contra-flexure Xi and x^ are obtained, 
S-7 feet from B in the first span, and 1*6 foot from B in the 
second span. 

The shearing-stresB diagram ia drawn by considering Ax, 
and Cj^ as detached spans. The cantilever XiB is loaded at its 



extremity with the shearing stress at x ; it is also loaded with 
11'5 tons concentrated at a point 1*6 foot from B. The canti- 
lever Bic-i is loaded at its extremity with 65*4 tons. 

The diagrams of bending moments and shearing stresses are 
illustrated in Figs. 217 and 216. 
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The load upon the central support is — 

65-4 + 38-1 = 103-5 tons 

The maximum bending moment occurs at B, viz. 118*6 foot- 
tons. 

The beam is constructed of two Dorman rolled steel girders 
12 inches deep, ivith flanges 6 inches x 1 inch, and webs \ inch 
thick. The flanges are connected together on the top by means 
of a plate running the whole length. The web is stiffened by 
means of channel steel stiffeners. The working stress is 9 tons 
per square inch, the tensile strength of the steel being 32 tons 
per square inch. 

In consequence of the change in the position of the points of 
contra-flexure during the passage of a rolling load, the shearing 
stresses cannot be accurately determined without considerable 
labour. 

In the first example, when the uniform live load of 0*7 ton 
per foot run advances from one abutment and gradually covers 
the three spans, the point of contra-flexure in the first span 
moves through a distance of 135*8 — 124*3 = 11*5 feet. 

If we draw the diagrams of shearing stresses for the extreme 
positions of the point of contra-flexure, we see that the nearer 
the point is to the pier the smaller the stress on the pier and 
the greater the stress on the abutment, so that if we use the 
point nearer the pier for determining the shearing stresses on 
the half of the effective span nearest the abutment, and the 
point farther from the pier for determining the shearing stresses 
for the remainder of the effective span and cantilever portions, 
we shall obtain stresses which do not differ much from the 
true maxima. We can deal with the central span in a similar 
manner. If the girder is of the lattice type, we first find the 
extreme positions of the points of contra-flexure, then apply the 
methods explained in Chapter YIII. ' 

Concentrated rolling loads may be dealt with by calculating 
the bending moments and shearing stresses for various positions 
of the wheel loads in the manner illustrated in the foregoing 
example of the bressummer beam. The positions of the wheel 
loads which produce maxima stresses could, of course, be 
found if the points of contra-flexure are known; but this 
is not the most convenient method, excepting in the case of a 
traction engine with only two axles, as shown in Figs. 328 and 324. 
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In this case the points of contra-flexure for the dead load will 
not be moved very much with the traction engine in any 
position, so that, if we make two calculations for the extreme 
positions of the point of contra-flexure, we generally coyer the 
maxima stresses in this case also. 

Economy of the Continnons Oirder. — In a three-span bridge 
of the best proportions, i.e. in which the effective spans are 
about equal in length under the loads which produce maxima 
stresses, or in which the side spans are about four-fifths of the 
central span, the economy of material due to continuity is about 
50 per cent, for the dead load, and 16 per cent, for the live load, 
over three independent spans ; hence the advantage of con- 
tinuous girder road bridges where the dead load is considerable. 
This advantage will vanish if the piers settle unequally. 

Mechanical fixing of the Points of Contra-fiexure and Canti- 
lever Bridges. — ^We have seen that the points of contra-flexture 
are continually changing in position during the passage of the 
live load, and that in a bridge of three spans there will generally 
be four points of contra-flexure, viz. two in the central span 
and one in each of the side spans. The points of contra- 
flexture may be fixed mechanically by uniting the girder at the 
proposed points by some form of hinged connection. The two 
points may be fixed either in the central or side spans, but not 
in both, or the stability of the bridge will be destroyed. The 
fixing of the points of contra-flexure for any span considerably 
simplifies the calculations for that span. 

In the Kentucky bridge, United States, America, which con- 
sists of three equal spans, each 875 feet long, there is a hinge 
in each of the side spans, situated at a distance of 75 feet from 
the pier, thus reducing the effective length of the side spans to 
800 feet. If the two hinges are located in the centre span, we 
have a form of the cantilever bridge in which the central span 
consists of two cantilevers projecting from the piers, with an 
independent girder resting upon their extremities and complet- 
ing the span. The side spans in this case should be sufficiently 
long to balance the central span under all conditions of loading, 
otherwise the extremities must be anchored down. 

The Ploughkeepsie bridge over the Hudson River, United 
States, America, consists of cantilever and rigid spans of 
almost equal length arranged alternately, so that there is no 
necessity for anchorages, as the rigid span balances the canti- 
levers on each side of it. 
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In the more usual form of cantileyer bridge the cantileyers 
projecting from each side are generally of equal length, so that 
they balance each other for the dead load; the independent 
girder rests on the extremities of the cantilevers as before, while 
the extremities of the side cantilevers must be anchored down to 
balance the central portion under all conditions of loading. 

The ratio of the length of the independent girder to that 
of the cantileyers varies in different bridges. Examples of this 
type occur in the bridges over the St. John's, Niagara, and the 
Frazer rivers, and also the Eed Rock Cantileyer Bridge, United 
States, America. 

The celebrated bridge over the Forth consists of two canti- 
lever spans, each 1700 feet long; the cantileyers project 680 
feet on each side of the piers, with a maximum depth of 848 
feet ; the independent central girders are each 840 feet span. 
The Forth Bridge has been fully illustrated in the various 
engineering journals, and its detailed description will not be 
attempted here. It is in every respect the greatest constructional 
achievement in the world. 

The cantileyer bridge is one of the most economical types 
for long spans. The calculations may be made by first con- 
sidering the independent girder, the reactions of which upon the 
extremities of the cantilevers must be combined with the panel 
loads of the cantilever. 

It will be generally most convenient to consider each panel, 
proceeding from the extremity of the cantilevers step by step to 
the pier. Owing to the varying depth, the panel loads due to 
the weight of the panels are not equal. 

Cantilever bridges possess the advantage of being easily 
erected by building outwards from the piers, and are especially 
applicable for long spans over deep gorges or rivers, where 
ordinary scaffolding would be too expensive or subject to great 
risks. Cantilever bridges should not generally be less than 
500 feet span. 
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CHAPTER XII. 



STBENOTH OF COLUMNS. 



Sliort Columns. — Fig. 219 represents a rectangular prism sub- 
jected to compressive stress between the flat plates of a testing- 
machine. If the compressive force is applied along the axis of 
the prism, and if P denote the total load, A the area of the 
prism, and p the intensity of stress, then — 

P 



A 



=i?i 



The stress pi is uniformly distributed over the area of the 
section. 

If the load is applied at some point other than the centre of 

gravity of the section, such as C, Fig. 219, 
we may conceive two opposite forces ap- 
plied along the axis AB equal to p ; then 
we have a uniform compressive stress 
over the area of the column — 
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also a couple, the moment of which is— 

M = Py 

The maximum compressive stress p2 due to the couple P.^ 
will occur at E, and will be — 

Tya 

where a = BE, and I is the moment of inertia of the cross 
section of the prism. 
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If r denote the radius of gyration, then — 



|)j = 



■2ya 



Hence the maximum intensity of compressive stress at E is — 

Long Colnmnt. — ^In a long column the ratio of length to the 
least radius of gyration may be sufficient to cause the column to 
fail by lateral flexure rather than by direct crushing^ in which 
case we have a compound stress somewhat similar 
to that existing in the short columns with eccentric 
loading. The tendency to lateral flexure in a long 
column may be increased by the eccentricity of 
the loading caused by the direction of the load 
not coinciding with the true axis of the column. 
The strength of long columns has been investi- 
Pfated mathematically by Euler and Bankine, 
Professor B. Smith, Mr. Olaxton Fidler, and others, 
and experimentally by Hodgkinson, Christie, and 
at the Watertown Arsenal, United States, America. 

Euler's FormulaB for Columns. — Euler's theory of 
the strength of columns may be stated as follows : — 

Fig. 220 represents a column fixed in direction at one end 
only, which bends as shown in the figure. 

If the column fails by direct crushing, then — 

Pi=/A 
If by flexure, then it can be proved that — 
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P.= gEI' 



a) 



^ Let p = radius of curvature, M = bending moment at asy, then — 
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Then, according to Euler, the actual breaking strength will be 
the smaller of the two values given for Pi and P2 in the foregoing 
equations. 

If the column is rounded or hinged at each end ( Fig. 221) , 
then — 

P2 = p'ei (2) 

(here length = 20* 

If the column is fixed at each end (Figs. 222 and 228), either 
by building in or by means of flat ends — 

P2 = y EI (3) 

(here length =- in (1)). 

4 

These formulas are strictly true only when applied to an ideal 
column consisting of uniformly elastic material in which the 
axis of the straight column coincides with the line of pressure of 
the load. Professor Smith and Mr. Claxton Fidler ^ have, how- 
ever, pointed out that these conditions cannot be realized in 



••■ ©■ = - 



EI»' + <' 



- m dx 



dy P 

and since for y = a, _ = ; .". C = — a' 

ox £1 

J ^a>-ii' j V EI 
and since when a; = 0, y = ; /. C = 

When y = a, we have x = l. 

Hence — = a / — • ' 
2 V EI 

and P = - . El 

> Professor B. H. Smith in Engiiieering, October 14, 1887; Mr. Claxton Fidler^ 
Min, Proo, IruL C,E.<, vol. Ixxxvi. 
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practice^ as there is nearly always some eccentricity due to im- 
perfections of workmanship, want of uniformity in the modulus 
of elasticity throughout the column, journal friction, occurring 





Fig. 221. 



Fig. 222. 



Fig. 223. 



for instance in connecting and eccentric rods. The strength of 
columns is therefore more a matter of probability than of exact 
theory. 

In the case of a column hinged at each end> P = ^EI, and, 

dividing by the area, we have — 

P r" 

where r denotes the radius of gyration. If we plot the 

I 
curve represented by this equation, using ~ for abscisssB, and p 

for ordinates, we obtain BHC (Fig. 224), which represents the 
higher limit of strength. 




FlO. 224. 



The straight line ABK represents the constant value of /, 
the ultimate crushing strength. 6H denotes the stress due to 
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the direct load ; HE^ the stress due to the ultimate deflection or 
bending moment. 

In the case of a girder-shaped strut, such as would be used as 
a compression member in a bridge, Mr. Glaxton Fidler points out 
that if the ends are rounded, the eccentricity due to the varia- 
tion in the modulus may be treated in the following manner : — 

Let ci =: the specific compression in the inner flange = v, 

Jiii 

«a= >> yy y> m OUter „ = - 

f 1 + ^2 

£ = average compression = - 

5 = the central deflection due to load P. 

y = the distance from the neutral axis to the extreme 
fibre. 

6 = the eccentricity. 

r s the radius of gyration = half the depth in a girder- 
shaped strut. 

P 

!> = ^ = direct load in pounds per square inch. 

Then e = r'-^^ 
and it can be proved that — 

TT/' €i — £2 P OtT P 



8 = 



2'«i + *2*/»— 1? 2'/o-i' 



Since M = P8 = ^'^ = -^^^'^ 

y y 
. 4. ^ _ «: y (1- it i»* 



2 '■ fi + ta' p — P 



^ r 2 *i + «2 

+ /. = -*^-- 
P-P 



and since f=p +/, =i> ( 1 + -^ ) 

hence p = f + P - ^ (f + P)'^¥pa^i') 

2(1 - ^) 
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This equation, when plotted as before, using - for abscisssB, 

gives a wavy line, ATMO, which Mr. Pidler calls the curve of 
the lower limit of the strength of the column, and he states that 
'' between the shaded area included between the two curves, the 
results of individual experiments,'' plotted in a similar manner, 
"may be expected to range themselves at haphazard. The 
upper limit will be the line of the ideal column ABC, and it 
remains to determine for each material the position of the lower 
limit ATC, which must evidently be regarded as the greatest 
reliable strength of the column." 

The diagram, Fig. 224, shows that the strength of a long 
column depends more upon the modulus of elasticity than upon 
the crushing resistance of the material, thus : GM denotes the 
stress due to the direct load, and ME the stress due to 
bending moment. The diagram also shows that a very long or 
very short column will not differ much from the ideal column, 

but that for intermediate values of - the effect of eccentricity, or 
inequality in the modulus of elasticity, becomes most marked ; 

the maximum effect occurs at B, where /» =/, and p =/-:; ~ 

1 - ^ • 

In Fig. 225, GM denotes the stress at the 
centre of the column due to direct load, and 
ME that due to bending moment; hence the 
graphical representation of the stress in the 
column is as shown in Fig. 225, and if the column 
is braced, the stresses in the lattice bars may 
be deduced from the flange stresses, as shown 
by the curve AMBE. 

Mr. Fidler has calculated the strength of 

columns for various values of the ratio -, by 

Il'lO. 225. 

means of the formulae referred to, and he 
states that the results agree closely with those obtained from 
experiments made by Mr. Christie and others. 
These results are tabulated. 
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Table XXXVII. 

Strength of Ck)LUMNs with Bound Ends in Pounds pbb Square Inch of 
Sectional Abba, aooording to Mr. Glaxi^n Fidleb. 



Batto 



Cast Iron. j Wrought iron. 



20 


72,300 


1 35,200 


40 


50,800 


32,600 


60 


30,000 


' 28,400 


80 


17,600 


23,200 


100 


11,700 


18,200 


120 


8,300 


1 14,100 


140 


6.300 


11,100 


160 


4,900 


8,800 


180 


3,900 


7,200 


200 


3,200 


5,900 


220 


2,680 


4,970 


240 


2,270 


4,210 


260 


1,950 


3,640 


280 


1,690 


3,140 


800 


1,480 


2,750 


320 


1,300 


2,430 


340 


1,160 


2,160 


860 


1,040 


1,940 


380 


940 


1,730 


400 


850 

1 


1,570 



HUd Bteel. 



46,700 

42,700 

36,000 

28,300 

21,500 

16,400 

12,700 

10,100 

8,160 

6,710 

5,620 

4,750 

4,080 

3,550 

3,100 

2,730 

2,430 

2,190 

1,960 

1,760 



HardsteeL 



67,200 

58,600 

45,500 

33,000 

23,700 

17,500 

13,300 

10,400 

8,360 

6,850 

5,710 

4,820 

4,130 

3,570 

3,130 

2,740 

2,440 

2,190 

1,960 

1,760 



Table XXXVIII. 

Strength of Columns with Feled Ends is Pounds per Square Inch of 
Sectional Area, according to Mb. Claxi^n Fidler. 



Ratio 



20 
40 
60 
80 
100 
120 
140 
160 
180 
200 
220 
240 
260 
280 
300 
320 
340 
360 
380 
400 



Cast iron. 



77,600 

67,800 

54,700 

42,000 

30,000 

21,200 

16,000 

12,600 

10,200 

8,300 

6,900 

5,700 

5,000 

4,400 

3,900 

3,400 

3,000 

2,700 

2,470 

2,270 



Wrought iron. 



MUd steel. 



35,800 

34,900 

33,400 

31,100 

28,400 

25,300 

22,200 

19,200 

16,500 

14,100 

12,100 

10,500 

9,300 

8,200 

7,200 

6,300 

5,600 

5,100 

4,600 

4,210 



47,400 

45,700 

43,300 

39,900 

36,000 

31,000 

26,500 

22,500 

19,100 

16,400 

13,900 

12,000 

10,400 

9,100 

8,200 

7,200 

6,300 

5,500 

5,100 

4,750 



Hard steel. 



68,700 

65,800 

60,500 

53,600 

45,500 

37,400 

30,500 

25,000 

20,900 

17,500 

14,900 

12,600 

11,000 

9,500 

8,400 

7,300 

6,500 

5,700 

5.200 

4,800 
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Hodgkin8on*8 FormulaB for ColnmnB. — The principal practical 
use of Euler's formulsB was to furniBh a general form of expres- 
sion for the breaking load to the experiments of Eaton Hodg- 
kinson. 

Applying Ealer*s formula to solid cylindrical columns with 

flat end, and substituting for I = -— - = -— , we have — 

4 o4 

But Hodgkinson*s experiments gave — 

^» 
Pi = (constant) x ^ti^iot wrought iron 

Pi = (constant) x .^y ^^^ ^^^* ^^^ 

For a square column, in which the length of side is denoted 
by 6, Euler's formula would give — 

^2 7,4 
Pi = -E- 

and Hodgkinson*s experiments on timber gave — 

Pi = (constant) x -^ 

V 

Inserting the constants determined by Hodgkinson, his 
formulae become, when the length exceeds 80 times the 
diameter — 

T. 44d^*^ 

Pi = " n.^~ for cast-iron columns with flat ends, where I is in 

feet and A in inches, and Pi the breaking load in tons 

^ 184d^» 

Pi = — j5 — for wrought-iron columns, ditto, ditto 

^ 10-956* 

Pi = — -^ — for dry oak, ditto, ditto 

Pi = — -^ for dry fir, ditto, ditto 

For hollow columns of cast iron we have, where D and d 
denote the external and internal diameters respectively in 
inches — 
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Hodgkinson found that the strength of columns with flat 
ends^ one end flat and the other rounded^ both ends rounded, 
are as 3 : 2 : 1, approximately. 

Rankine's Formula. — This formula is based on the assumption 
that the load acts along the axis of the column, and that there 
is no eccentricity. It may be investigated in the following 
manner : — ^ 

Let 6 = the eccentricity. 
P = the load. 
S = the central deflection. 
B = the radius of curvature. 
A = the area of the cross-section. 
T = the radius of gyration. 
f- = the intensity of stress due to bending within the 

elastic limit of the material. 
/= the intensity of stress at rupture. 
y = the distance from the neutral axis to the extreme 

fibre. 
I = the length of the column. 

It can be proved that, in a column fixed at one end and free 
at the other — 



but— 



but since M = P(8 + 0) = 



E = r^ approximately 



1^ _ M _ P (g + ) 

E ■" EI "" EI 

_ 28 P(g + 0) 

•"• P " EI 
28EI = P(8 + 0)P 

•*• ^ " 2EI - PP' ^ "^ 2EI - PP 



y 

P(8 + % ^ 2PEfl// 
' "" I 2EI - PP 

* Dubois. 
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But/=/i + ^ .•./!=/-- = 2E1 _ pp 

or /A = P^^l + 2EI _ ppj 

or P(2EI - PP + 2E%A) = /A(2EI - PP) 

Since PP is small compared with 2EI + ^hMy, we may 
neglect it. 

P 2/EI / 



• • 



A 2E(I + kHij) +fAP 1+^4. _.^- 



r" 2Er^ 



If e = 0— 



2E 'T V 



C is a constant depending on the material and the conditions 
of fixing, or otherwise, at the ends. This is Rankine's formula, 
and it is clear that it is only true when there is no eccentricity, 
and when the stress produced is within the elastic limit of the 
material. In order not to exceed the elastic limit, the intensity 

of buckling stress, -, should be divided by a suitable factor of 

A 

safety. If the factor of safety is expressed thus, ^ 

4 + 



20rf 

which is convenient for variable loads, where d is the least 
dimension of the cross-section, then, if we denote the working 
stress by W, we have — 

""4+— (1'+'^^ 

The usual factor of safety for dead loads is four. 

Oordon's Formnla. — This formula is of the same form as 
Bankine's, but, instead of using the least radius of gyration, 
r, the least dimension of the cross-section is substituted, and 
the value of c modified accordingly. This will be true for 
circular and rectangular sections, since r is a function of d, 
but for all other sections r is not a simple function of eZ, hence 
Bankine's formula is more general than Gordon's. 
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In Eankine's formula /is taken as 36,000 for wrought iron, 
and C = ^ 6000 for flat ends, = tsooo for round ends, = 34000 
for one end flat and the other end round. 

In hollow cylindrical struts, if d is substituted for r — 

for cast iron/= 72,000, c = ^; 4^^^; ^^^ 
for wrought iron/= 86,000, c = ^4^q\ ^^j^; ^oW 

Professor Bauschinger recommends the following formulsB 
for columns in flre-proof buildings, as the result of a long series 
of experiments in which the columns were heated and sprinkled 
with water — 

P 14223 , , ^ . 

— = ^ for wrought iron 

1 + 0-0001-i 
r 

P 19912 

— = ^ for cast iron 

1 + 0-00025^ 

where I = the length, and r = the least radius of gyration. 

The following tests of full-sized columns were made at the 
Watertown Arsenal in 1881. 

The columns were placed in the testing-machine on accurate 
bearings formed by inserting thin pieces of rolled brass between 
the ends of the column and the face of the holder when there 
was not a perfect fit. 

Counterpoise weights were attached to the long columns at 
two points of their length, to counteract the tendency to bend 
from the weight of the column. 
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Table XL. 



No. 

of 

test. 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 



Style of column. 




.r^5f:i!:rff:7jty 



Fig. 228. 






LeDgth 


Sectional 


in feet 


area in 


and 


aqnare 


inches. 


inches. 


28*0" 


12062 


28' 0" 


12180 


25' 0" 


12-233 


25' 0" 


12100 


22' 0" 


12-371 


22' 0" 


12-311 


19' 0" 


12023 


19' 0" 


12-087 


16' 0" 


12-000 


16' 0" 


12-000 


13' 0" 


12185 


13' 0" 


12069 


10' 0" 


12248 


10' 0" 


12-339 


ro" 


12-265 


r 0" 


11-962 


4'0" 


12080 


4'0" 


12-119 


0'8" 


11-903 


0'8" 


11903 



Ultimate strength. 



Total 
pounds. 



424,200 
416,000 
431,500 
424,000 
440,000 
423,000 
425,200 
446,000 
439,000 
439,000 
449,000 
449,000 
446,823 
449,000 
468,000 
517,000 
598,000 
621,000 
680,000 
682,000 



Pounds 

per 
square 

inch. 



55,150 
34,150 
35,270 
35,040 
35,570 
34,360 
35,365 
36,900 
36,580 
36,580 
36,857 
37,200 
36,480 
36,397 
38,157 
43,300 
49,500 
51,240 
57,130 
57,300 



Elastic 
limit in 
pounds 

P« 
square 

inch.. 



Deflection in 
inches. 



Hori- 
soDtaL' 



27,960 



29,290 



28,890 

26,940 
28,360 
29,350 
29,590 



4-552 
005 

1-715 

0-077 

010 

0*092 

0016 

209 

3 22 

1-435 

2-196 

0*049 

0036 

0-535 

2110 



Vertical. 



3-296 
2-47 

0-067 
0-006 
0-391 
0024 
0-032 
0-002 
0-012 
0-234 
0-336 
0030 
0-016 

0-846 



Compression of wrought-iron columns, lattice, box, and solid 
web, made at Watertown Arsenal in 1888 and 1884. 

This series of tests comprises seventy-four columns made 
by the Detroit Bridge and Iron Company. 

Tabulation of experiments with 8^-inch pins in the centre 
of gravity of cross-section, except those marked N, in which the 
loading was eccentric. Sufficient bearing area for the pins and 
flat ends was provided by means of reinforcing plates. 
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Ko. 

of 

test. 



752 
757 

755 

756 
758 
754 



751 

1642 
1646 
1647 



1658 
1654 



1645 
1650 



1651 
1652 
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Style of colnnm. 



« r¥t' • 

JL 



■i» - - •- - -» 
FiQ. 229. 




JL 



I 

I 



<^ 



rTTD'' 



Fig. 280. 





1 
» 


\ 




1 


\ 


,*' 


1 
1 

1 

1 


1 
1 
«• 

1 
1 




1 

1 


1 
* 




1 


1 



fr H M 

I 

I 

FiO. 231. 




FlO. 232. 




I T 1L 



Flo. 233. 



Length 
centre to 
centre of 

{>insia 
nches. 



120-20 
12007 

180-00 

18000 
24000 
24000 



24000 

240-00 
32000 
320-10 



320-00 
820-00 



319*95 
32000 



320-00 20-954 



32010 



Sectional 
area in 
square 
inches. 



9-831 
10-199 

9-977 

9-977 
9-732 
9-762 



10077 

16-281 
16-179 
16141 



17898 
19-417 



16168 
16-267 



20-613 



Ultimate strength. 



Total 
pounds. 



297,100 
320,000 

251,000 

210,000 
188,600 
158,300 



425,000 

367,000 
318,800 
283,000 



474,000 
491,000 



453,000 
454,000 



540,000 
535,000 



Pounds 

per 

sqoare 

inch. 



Manner of fkilnre. 



30,220 
31,380 

25,160 

21,050 
19,880 
16,220 



r Deflected perpendicu- 
\ lar to axle of pins, 
r Sheared riyets in eye- 



\ 



plates. 
/Defleoted perpendicu- 
lar to axis of pins. 

Ditto. 

Ditto. 

Ditto. 



\ 



26,430 

22,540 
19,700 
17,570 



26,480 
25,290 



28,020 
27,910 



I Deflected perpendicu- 
\ lar to axis of pins. 

Ditto. 

Ditto. 

Ditto. 



{Deflected perpendicn- 
lar to axis of pins. 
Ditto. 



25,770 
25,950 



I Deflected parallel to 
\ axis of pins, 
r Defleoted perpendiou- 
\ lar to axis of pins. 



^Deflected in diagonal 
\ directions. 
|Sheared riyets in eye- 
\ plates. 



Engineering Construction. 













Table 


XL I. — con tinned. 






..« 




Ultlnute itrcDEth. 




taM. 


Stjlerf column. 


Sf 


Ei. 


pooiidi. 

258,700 


Pound, 
por 

•?nT 


Muntrof&Unro. 


746 






159-20 


7-628 


33,910 


:Deflected pemndioa- 


747 

748 
740 
16*8 
1G49 


-^-vii^ 




lfl9'27 

2;ia-60 

239-60 
31990 
31985 


8-056 
7-621 
7-621 
7-705 
7-G73 


294.700 

260,000 
254,600 
243,600 
229,200 


36580 1 Ditto. 
34,120 Ditto. 

3..«« rs-Spisr"" •" 

29,870 DaBected disgonaUj. 


740 
741 

739 




p"n 


159«) 
159-90 
239-70 


7-C15 
7-C24 
7-517 


262.500 
255.650 
251,000 


33530 1 Ditto. 


750 
1643 


^ 


--.^bM^T' 


239-70 
31980 


7-531 

7-691 


259,000 
237.200 




1644 


F.O.WS. 


319-92 i 7-702 237.000 


30,770 


Defleeted borixontall;. 


mo 

1641 
1634 
163S 




-iaf--- 


'i 


199-84 

200-00 
300-00 

300-00 


11944 
12-302 
I2-14B 
12-175 


403,000 
426,500 
408,000 
896,000 


33.740 
34,670 
33,630 
32.440 


/Deflected perpendiou- 
\ lar to axle of pins. 
Deflected diagouallr. 
/Defleoled perpeadiou- 
L lu to axu of pin*. 
Ditto. 


Fio. 23e. 










168S' "^ 

1GS9 

163G 


--'4«;- 


^ 


199-25 

1S9-50 
300-20 


12-366 SS5.000 
12-659 405,000 
11-920 391,400 


31.130 
31,990 

32,830 


(Deflected pencmdiou- 
l Urto»xi«orpinB. 

Ditto. '^ 
/Deflected in diagonal 


1G37 




.; 


300-15 


11-932 1 390,700 


32,740 


Ditto. 


Fio. rav. 








1680 




300-00 


17-622 


461.500 


26,190 


/Deflected perpendtmi- 


1631 
1632 
VS3& 


% 
it 

FI0.W8. 


300-00 
300-00 
300-00 


17-231 
17-570 

17721 


485,000 
306.000 
307,000 


28,150 
17,420 

17,270 


^ Ditto. 
Ditto. 
Ditto. 
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Table XLII. 

Wrouoht-iron Columns with Flat Ends. 



Ko. 

of 
test 



Style of column. 



377 

878 



I I 



I " 



<■ - 



6-' -I- 

1 S^ 



I 



FlO. 289. 




FlO. 240. 



346 

347 
342 
344 



TI 






t*^«//« 






FlO. 241. 



348 
349 
341 
343 




T 



— c-a-*— J 



T 



(t9 



• 



J 1 



U 



FlO. 242.^ 



Total 

loDgthin 

inches. 



127-900 
127-900 



167-80 
167-80 



167-90 
167-90 
247-62 
247-80 



167-75 ' 
167-75 
247-60 
247-62 



Sectional 
area in 
square 
inches. 



12-08 
11-11 



17-01 
17-80 



15-74 
15-84 
15-68 
15-56 



2102 
21-46 
21-20 
21-49 



Ultimate strength. 




Manner of failure. 



383,200 
372,900 



(BuoliliDg of i-inch 
plate between 
riyeting. 
33,564 Buckling plates. 



594,500 
633,600 



Qj.of;n /Buokling plates be- 
34,»ow \ tween the riveting. 



35,595 



I 



Triple flexure. 



517,000 32,846 

555,200 35,060 

517,500 33,003 

536,900 34,505 



Buckling plates. 

Ditto. 
Deflected upwards. 
Buckling plates. 



708,000 33,682 
709,500 33,061 
700,000 I 33,019 
729,450 33,943 



Buckling plates. 
Triple flexure. 
Deflected upwards. 
Deflected downwards. 
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Table XLII. — continued. 



No. 

of 

test. 



Style of column. 



Total 

length In 

Indies. 



Sectional 
area in 
square 
Inches. 



Ultimate strength. 



Pounds 

per 
square 

inch. 




1 



339 
340 



d 






I 
.« 

I 



-/-jr-l-l-H 



t 



r 



Fig. 243. 



337 



338 



^fZaUieed f 1^ 



?« 



Fig. 244. 



247-94 
247-94 



307-75 



307-87 



12-64 
12-74 



1690 



17-40 



412,900 
431,400 



582,400 



580,000 



Manner of failure. 



1 Deflected upwards, 
latticing on the 
concave side. 
33,862 Ditto. 



34,279 



33,333 



I Deflected downwards 
and sideways, con- 
tinuous place ou the 
concave side. 
{Deflected diagonally, 
latticing on the 
concave side. 



Table XLIII. 

Wrought-Ibon Columns with SJ-inch Pins. 



No. 

of 

test. 



Style of column. 



368 

367 
356 
357 



371 
372 

370 

369 
354 
355 



360 



361 



358 
359 



350 

351 
352 



353 




KiG. 246. 



n 



J 



1=^ 



*s»-f - -■* 



•* 
)» 



r, 



Fro. Ut. 



{ ^ 






»' — 



Fig. 247. 



n-' 



If 



T — r 
I ' 
' I 

•• I 

I I 




I I 



«^-> 



~1 



Fig. 248. 
I • ■ 



-»? 



4i 



"T — r 

i j 

i' "» 

~r-V 



4 






I 1 



Fig. 249. 



Length 
centre to 
centre of 

Eins in 
iches. 



180-10 

18000 
240-00 
24000 



119-90 
120-00 

180-00 

180-00 
240-00 
240-00 



Sectional 
area in 
square 
inches. 



Ultimate strength. 



Total 
pounds. 



11-42 

11-42 
11-42 
11-31 



914 
10-07 

9-21 

9-44 
9-24 
9-36 



379,200 

869,200 
342,000 
330,100 



286,100 
319,200 

291,500 

290,000 
267,500 
279,700 



Pounds 

per 

square 

inch. 



160-12 



15-34 



16000 15-40 



475,000 
485,000 



33,205 

32,329 
29,947 
29,186 



31,302 
31,698 

31,650 

30,720 
28,950 
29,879 



30,965 



31,494 



240-00 , 1777 
240-00 17-22 



570,000 
555,400 



240-25 

240-00 
240-25 



240-25 



32,077 
32,253 



12-48 

10-84 
12-65 



12-76 



202,700 

208,200 
350,000 



390,400 






16,242 

19,207 
27,668 



30,596 



Manner of failure. 



(Horizontal deflection 
perpendicular to 
plane of pins. 
Ditto. 
Ditto. 
Ditto. 



rBnckling the plates 
\ between the riyets. 

Ditto. 
Horizontal deflection 
and buckling be- 
tween the riTets. 
Ditto. 
Triple flexure. 
Horizontal deflection. 



(Deflected upwards in 
the plane of the Sc- 
inch pins. 
Horizontal deflection 
perpendicular to the 
plane of the pins. 



Horizontal deflection 
perpendicular to the 
plane of the pins. 
Ditto. 



Horizontal deflection, 
concave on lattice 
side. 

Ditto. 
Ditto. 

Horizontal deflection 
perpendicular to the 
plane of the pins, 
convex on lattice 
side. 
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The tests on full-sized columns recorded in the foregoing 
tables furnish the most reliable data for the determination of 
the strength of columns. 

If we apply Bankine's or Gordon's formulas to calculate the 
strength of these columns, we shall find that the results differ 
from those obtained by experiment. 

The following empyrical formulaa represent more nearly the 
results of tests recorded in the foregoing tables. 

Mr. Theodore Cooper has proposed the following formulas 
for Phoenix columns : — 

P 86000 . n ^ J J 1 

^ for flat or square-ended columns 



A /I 



(-so) 
1 + 



18000 

P 86000 

■7- = , J for pin-ended columns 

(I - 82) 

1 + -^ 

^ 18000 

For lattice colnmns vrith pin ends — 
P 84000 



A /■I 



(; - -) 

1 + 



12000 

For box and solid web columns — 
P 88000 



A /l 

r 



(; - «») 

1 + 



for flat ends 



10000 

P 31000 . 

- = , ^a for pm ends 

A. / 6 

r 



1 + 



6000 

Although not mathematically correct, the following formulas 
are used to proportion the compressive members of bridges : — ^ 

* Mr. Theodore Cooper's "General Specifications for Bailway and Highway 
Bridges/' 



Strength of Columns. 197 



Bailway Bridges.— Chord segments — 

I 
I = 8000 - 30- for live load stresses 

Y 

I = 16,000 - 60J „ dead „ „ 
Columns — 

I = 7000 - 40^ of live load stresses 
I = 14,000 - 80^ „ dead „ „ 
I = 10,500 - 60- „ wind stresses 

T 

Lateral Struts — 

I = 9000 - 50- for assumed initial stress 

Y 

Highway Bridges.— Chord segments— 

I = 10,000 - 40- for live load stresses 



I 
I = 20,000 - 80^ „ dead „ 



Columns — 



I = 8750 — 60- for live load stresses 

Y 

I = 17,500 - 100- „ dead „ „ 

I =: 13,000 — 75- „ wind stresses 
Lateral Struts — 

I =: 11,000 — 60- for assumed initial stress 

where I = the maximum intensity of working stress in pounds 

per square inch. 
I = the length of the compression member in inches, 
r = the least radius of gyration in inches. 
I must not exceed forty-five times the least width of the com- 
pression member. 

The areas obtained by dividing the live-load stresses by the 
live load must be added to the areas obtained by dividing the 
dead'load stresses by the dead load. 
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The following formulaB are used for steel struts : — 
I = 8500 - 55- for live load stresses 

T 

I = 17,000 - 110^ „ dead „ „ 

I = 13,000 — 85- „ wind stresses 

Members subjected to alternate stress of tension and com- 
pression shall be proportioned to resist each kind of stress. 
Both of the stresses shall, however, be considered as increased 
by an amount equal to -^ of the least of the two stresses. 

The following formulae were suggested in Engineering ^ for 
designing struts in which the length does not exceed forty times 
the least transverse dimensions. 

T /r 0*2Z\/ min.\ 

i = I 5 - . X ^ + — ) for columns with fixed ends 
^ ^ A max/ 

1 = 15 — Yl + ') for columns with rounded ends 

^ ^ A max/ 

• . 

For alternating stresses substitute (l + -) for 

V 2 max./ 

( 1 + '] in the foregoing formulae. 

V max./ 

It should be noted that I = the length in feet, and r = the 
least radius of gyration in inches. I = the safe working stress. 

All the foregoing straight-line formulae should only be used 
within the limits specified in regard to the ratio of length to 
least width of section or least radius of gyration. 

' Engineering, January 5, 1892. 



CHAPTER XIIL 



SIZES OF PLATES AND BARS — JOINTS AND CONNECTIONS. 



In designing built-up structures of wrought iron and steel, we 
make use of certain rolled sections which consist chiefly of 
plates, angles, T, channel, and flat bars ; also of rolled girders, 
bulb T-irons, and occasionally other specially rolled sections 
connected together by means of rivets, bolts and nuts, pins, 
eyes, gibs and cotters, union screws, etc. It is necessary to 
know how to arrange the lengths and sections of the various 
riveted joints and other connections in the most convenient 
manner, not merely with a view to resist the various stresses 
developed in them, but also to reduce the cost of manufacture, 
carriage by land and sea to the site of the structure, and its 
subsequent erection. 

The designer will find it convenient to have by him a list of 
sizes of plates and bars, made by different manufacturers, such 
as the following : The Butterley Iron Company, Measures Bros., 
Carnegie, Dalzell Steel and Iron Works, and many others. 

Iron and steel plates vary in thickness from \ to 1^ inch, 
increasing by j^ of an inch. Plates less than | inch are termed 
sheets, and are generally more expensive. The following maxi- 
mum sizes from the Butterley Iron Company's list have been 
selected, and indicate the limits of area, length, and width : — 





• 




Table XLIV. 


Thickness. 


Area in 
ttqnare feet. 


1 

Length. 


Width. 


Remarks. 


r 

F 

1" 


72 
94 
130 
140 
130 
125 


33' 
40' 
45' 
45' 
40' 
33' 


6'0" 
6' 9" 
8'0" 
8' 6" 
9'0" 
9'0" 


The sizes are the tnaximum in each 
case ; thus, if we require to know 
the greatest length of plate obtain- 
able ( inch thick by 4 feet wide, 
we have i|ft = 35 feet. 
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The best Yorkshire ironmakers roll plates for boilers 20 
per cent, larger in area than given in the above table. 

The following sizes have been selected from the Dalzell Steel 
and Iron Works list : — 



Table XLV. 



lliickiiesB in inches. 



Maximum lengths in feet. 






4 ft. wide. 



30 to 40 
33 
20 



6 ft. wide. 


6 ft. wide. 


7 ft. wide. 
16 


24 


20 


27 


21 


16 


16 


12 


1 



7ft.6in.wide. 



15 
15 



Extras are charged for thicknesses of iron and steel plates 
under \ inch^ and for lengths over 25 feet ; for widths over 4 
feet 6 inches in iron and over 6 feet in steel; for weights 
over 10 cwt. in iron and 20 cwt. in steel ; and for areas over 60 
square feet. 

L and T bars are rolled in a great variety of sections. For 
ordinary sections the lengths may be 80 feet without extra 
charge ; generally the length and depth united should not exceed 
9 inches, or extras will be charged. Dalzell Steel Company, 
however, allow 11 inches for angles and 10 for T's without 
extras. 

The following are probably the largest sections obtainable in 
iron and steel angles : 10" x 8i" from i" to |" in thickness. 
In steel, 10" x 4" and 11" x 4" from ^" to |" may be obtained. 
T'fl may be obtained in steel 10" in the stalk by J" thick, and 
7" in the table by f " thick. Channel bars are rolled to a maxi- 
mum size of 15" X 4" x i", and rolled girders to a maximum size 
of 20" X 8", at a mean weight of 100 lb. per foot, but extras are 
charged when the sum of the depth and width exceeds 16 
inches* 

Flat bars are rolled up to a maximum width of 12 inches, 
and may be obtained from \ of an inch in breadth and \ of 
an inch in thickness, from 1" x i" to 6" x 1" without extra 
charge. 

Bound and square iron and steel bars may be obtained from 
J" to about 3" without extra charge ; the maximum sizes are 10" 
diameter or 10" square. The relative cost of the various rolled 
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sections may be approximately expressed, for the purpose of 
estimating the relative cost of various designs, as follows : — 



Flat, round, and square bars ... 
L, T, and C bars 



Plates 
Bivets 



... 



*• • 



. • • 



100 
112 
1-18 
1-45 



Economy may be effected by making use of angle and flat 
bars in preference to plates wherever they can be used without 
a corresponding disadvantage, and by reducing the riveting as 




--r- — 



Fig. 250. 



I 




SdUr. 

Fio. 261. 













•U"-^f/y- 



y// 



'wsm 




''''% 

M 



I 



Fio. 252. 



TknatL 



much as possible consistent vdth strength. It is sometimes 
desirable to incur the extra charges for longer bars and plates, 
rather than to increase the number of joints, as the total cost is 
reduced. 

Unequal-sided angles should be avoided unless used in large 
quantities, and generally the fewer the sections used in a 
particular work the better. It is most desirable to reduce the 
amount of smith's work, such as cranking, bending, joggling, as 
much as possible, as the iron is injured in the process and the 
cost of the work increased. Welding should never be resorted 
to in girder-work if it can possibly be avoided. 

Bolts, Nuts, XTnion Screws. — Bolts and nuts, suspension and 
tie-rods, are specified by English engineers to have Whitworth 
threads, but American engineers generally use the Seller 
thread (see Figs. 250, 251, and 252). 

Whitworth threads are rounded at the tops and bottoms, 
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while Seller's threads are flat at top and bottom, and conse- 
quently they can be cut with one tool. 

Strength of Bolts and Screwed Eods.— Let P denote the tensile 
stress on the rod or bolt ; /, the safe intensity of working stress ; 
a, the area at the bottom of the thread given in the following 
table for Whitworth threads ; then — 

P=a/ 



Table XL VI. 

Table of Whitworth V Screw Threads.* 





Number of 




Diameter at 


Area of section at 


Diameter in inches. 


threads per 


Pitch in inches. 


bottom of thread 


bottom of thread 






inch. 
12 


oosas 


in inches. 
0-393 


in inches. 


\ 


0-500 


0-121 


1 


0-625 


11 


0909 


0-509 


0-204 


i 


0750 


10 


0-1000 


0*622 


0-304 


i 


0-875 


9 


0-1111 


0-733 


0-422 


1 


1000 


8 


01250 


0-8iP 


0-554 


u 


1-125 


7 


0-1480 


0-942 


0-697 


u 


1-250 


7 


0-1430 


1-067 


0-894 


If 


1375 


6 


0-1670 


1-161 


1-058 


li 


1-500 


6 


01670 


1-286 


1-299 


U 


1-625 


5 


0-2000 


1*369 


1-472 


1} 


1-750 


5 


0-2000 


1-494 


1-753 


U 


1-875 


4i 


2222 


1-590 


1-986 


2 


2-000 


4i 


0-2222 


1-715 


2-311 


21 


2-250 


4 


02500 


1-930 


2-926 


2i 


2-500 


4 


0-2500 


2-180 


3733 


2i 


2-750 


3i 


0-2860 


2-384 


4-464 


3 


3000 


3} 


2860 


2-634 


5-450 


3i 


3-250 


3i 


0-3080 


2-855 


6-402 




3500 


z\ 


0-3080 


3105 


7-563 


3i 


3750 


3 


0-3333 


3*323 


8-673 


4 


4000 


3 


03333 


3-573 


10027 


4i 


4-250 


2J 


03480 


3-804 


11-365 


^\ 


4-500 


2i 


0-3480 


4054 


12-908 


4} 


4-750 


2i . 


0-3640 


4-284 


14-404 


5 


5-000 


2J 


0-3640 


4-584 


16146 


51 


5125 


21 


0-3810 


4-762 


17-810 


51 


5-500 


21 


0-3810 


5-012 


19-720 


5-750 


2} 


0-4000 


5-239 


1 21-570 


6 


6000 


2* 


0-4000 

1 


5-489 


23-640 

1 



/ should not be taken more than 4 tons per square inch for a 
steady load, since the stress is not uniformly distributed in con- 
sequence of the abrupt change of section from the full area of 
the bolt to the area at the bottom of the thread. 

* Unwin's "Machine Design," part i. p. 145. 
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In bridge-work the safe working stresB maat be determined 
from the range of streBB, as explained in Chapter I. If the ratio 
of the minimam to the maximum stress is \, then / may be 
taken at S tons per sqaare inch. When the bolt is screwed up 
torsional stress will be developed, which, if the maximum load 
producing tension is also on the bolt, will necessitate a further 
reduction in the working stress. Professor Unwin has shown ^ 
that this stress requires the diameter of the bolt to be increased 
about IS per cent., and he gives the following formule for 
machine bolts where the range of stress varies torn zero to a 
maximum : — 

P = 2400£P to SOOO<P 
where P =the total load in pounds, and A = the full diameter 
of the bolt in inches. 

In suspension bolts for timber truss bridges, and in cable 
suspension bridges, also in the tension rods in iron roofs and 
wind-bracing, the rods should be upset before the thread is cut, 
BO that the diameter at the bottom of the thread is never less 
than the full diameter of the bolt. Under these circumstances 
the effect of unequal distribution of stress may be neglected. 
The torsion may also be neglected, since it is not likely to be 
applied when the full load is on the rod. The screwing up, 
however, will in most cases put initial tension upon the rod, the 
exact amount of which is difBcuIt to determine. In roofs and 
wind-bracing this initial stress may be neglected iu fixing the 
intensity of working stress, since the maximum load is rarely 
applied. It will generally 
have to be considered in addi- 
tion to the range of stress due 
to dead and live loads. 

Fig. 263 shows a common 
bolt and nnt; Fig. 254, a 
rag bolt which is sometimes 
used to secure foundation- 
plates to the masonry or 
concrete bed upon which it 
rests. A taper hole is cut ^""^^ ^"'■*"- 

in the masonry, and the tail of the bolt is square, with 
jagged ends ; the space between the bolt and the hole is filled 
with molten lead. 

' Unwin's " Maobiue DeBigu," part i. p. 1 50. 
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XTnion Screw Coupling.— Figs. 255 and 256 represent two 
union-screw couplings ; the threads cut upon the upset ends of 
the rods are right and left handed, so that when the coupling is 
turned the rods are caused to approach each other until they 
are tight. In Fig. 255 the coupling is turned by inserting a bar 
in the centre hole, and in Fig. 256 the middle of the coupling 
is forged hexagonal, so that it may be turned by means of a 
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screw-key. The outside diameter of the screwed portion is 
equal to the diameter of the rod + 2 x depth of thread, which 
in Whitworth threads is f of the pitch ; hence, if di = the outside 
diameter, and A = the diameter of the rod — 

di = d + f pitch 

Table 44 will give us at once the outside diameter if we look 
out the diameter which has the diameter at the bottom of the 
thread equal to, or not less than, the diameter of the rod; 
thus if the rod is 1 inch in diameter, we find that 1^ will give 
1'067 at the bottom of the thread. 

The depth of the thread in the coupling should be made 
equal to the outside diameter of the thread, to ensure that the 
threads will not strip, and the total length of the coupling will 
be twice the outside diameter of the thread plus the portion, G, 
left for adjustment. There only remains, therefore, the outside 
diameter of the coupling, a, to be determined, so that the 
sectional area through the hole in Fig. 255 may be equal to 
that of the rod. Let d^ = the inside diameter of the coupling, 
d^ = the outside diameter ; let the diameter of the hole be f of 
an inch ; then d^ will equal the outside diameter of the screwed 
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portion of the thread plus the clearance, so that d^ may equal 
14 inch if rf = I inch ; hence — 

\ = \^^^ - <3)') - 2 X 0-75((/3 - I) 
.'. 1/3 = 2 inches 

Examples of union screws, such as are generally used in 
bridge-work, are given on Plate II. 

Jib-aad-Cotter Joints. — The tie-rod of an iron roof is frequently 
attached to the principal, and to the shoe at the abutments, by 
means of a gib-and-cotter joint. Figs. 257 and 258 show this 
kind of joint. Ihe outside of the gib is made parallel to the 
ontside of the cotter, and the taper of the cotter is made from 



1 in 24 to 1 in 48. The heads of the gib prevent any spread of 
the side plates. The shearing strength of the gib and cotter at 
its central section must equal the tensile strength of the main 
tie-rod, and the pressure on the bearing area must not be 
excessive. Let ti = the thickness of the side plates, and t the 
thickness of the rectangular end of the rod, taken as equal to 
the diameter of the rod ; let c = the breadth of the rectangular 
end of the rod, a = the length of the gib and cotter at the 
centra] section, u = the thickness. 

Hence, if t = 2fi, the tensile and bearing strengths of the 
side plates will equal those of the rectangular end of the rod, 
and if we take 5 tons as the intensity of working stress in the 
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tie-rod, 4 tons as the safe shearing stress of the gib and cotter, 

and 8 tons as the safe intensity of pressure on the bearing 

' area, then, since the gib and cotter are in doable shear and 

must therefore shear at two sections at the same time — 

2aUx4 = -^cP X 5 
4 

I If fa is known, a can be found from the above equation. Let 

i d = 2 inches, then the safe stress on the tie-rod is — 

4- X 5 = 15'7 tons = 6ats 
4 

/. at^ = 2 square inches (about) 

If <3 = I of an inch, a = 2*7 inches. 

The pressure on the bearing area will be — 

P X J X 2 = 15-7 

.•. P = 10*4 tons per square inch 

which is too great. Let f 3 = 1 inch, then a would require to 
be 2 inches, and — 

P X 1 X 2 = 15-7 

.-. P = 7"8 tons. 

Hence if the gib and cotter are made 1 inch thick, the 
pressure will not be excessive. 

To find the breadth c, so that the sectional area shall be the 
fiame as the tie-rod after deducting for the hole — 

2^(c - fa) = ^d^ 

4 

or, if d = t = 2fi, we may write — 

d{c - U) = -^(P 
4 

IT , 

.*. c — U = -d 
4 

/. C =: t, + -d 

4 

If d « 2 inches, and <3 = 1 inch, c = 1 -h 1-57 = 2*57 inches. 
It is desirable to have a margin here for possible inaccuracy 
' in forging, hence c should be made 8 inches. 
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The depth c in Fig. 257 must be sufficient to avoid shearing 
a piece out the width of the cotter. 

BriUed and Pimched Holes (Eiveting). — Although punching is 
largely used for rivet-holes, it is objectionable for the following 
reasons : — 

The spacing of the holes is not done so accurately as with 
drilling, and when two or more plates are used, as in the flanges 
of a girder, the holes frequently overlap, and require to be 
rhymered before the rivets can be inserted. "This inequality in 
the spacing is partly due to the stretching of the plate in the 
process of punching, and it increases with the length of the bar 
or plate, also with the ductilitv of the material; it is most 
decided in curved girders. As a consequence of the unequal 
spacing, it is practically impossible to ensure closely butted 
joints with punched work. Another objection to punching is 
that the material round the hole is injured by the plastic flow 
of the metal under the pressure of the punch ; in general the 
harder the material the greater the injury from this cause, but 
steel is injured by punching more than iron, and should only 
be used in thin plates. This injury may be removed by drilling 
or rhymering out the hole generally to about -^ of an inch in 
diameter, and to some extent by annealing. The method of 
driving in a conical pin, known as drifting, should never be 
allowed, as it causes considerable damage to the material. For 
ordinary wrought-iron girder-work with not more than two 
flange plates, punching is good enough if the work is done 
properly, but when several plates are used in bridge-work the 
holes should be drilled, as it is almost impossible to ensure 
accurate work of this class with punching. Drilling the rivet- 
holes by means of multiple drilling-machines ensures accurate 
spacing and avoids the injury to the material round the hole as 
in punching ; the sharp edge, however, left by the drill should 
be rounded off, as it facilitates the shearing of the rivet. 

Machine-riveting, such as by means of hydraulic pressure, 
is much superior to hand-riveting, as the plates are brought in 
closer contact and the rivets are made to fill the holes more 
completely ; moreover, the pressure exerted upon the rivets is 
under control, and may be regulated to any extent. Steel rivets 
require greater care in closing by hand than iron rivets, as they 
are more liable to be injured if hammered at a dull red heat. 
With machine-riveting the plates should be well bolted together, 
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or the metal will be squeezed out between the plates, forming 
collars, and it is generally very difficult to cut out a rivet closed 
by hydraulic machinery. 

In both hand and machine riveting the contraction of the 
rivet longitudinally in cooling causes it to exert a pressure on 
the plates like a clamp, and with accurately drilled holes and 
hydraulic riveting the shearing resistance of the rivets may 
never be developed under the ordinary working stress in the 
structure; but the amount of frictional resistance due to this 
cause is uncertain, and may be reduced by vibrations. Again, 
if the elastic limit of the material of the rivet is exceeded, the 
grip upon the plates must gradually diminish ; it is, therefore, 
in general neglected in designing riveted joints. Machine- 
riveting is used more in the bridge yard than in the jointing 
of the various pieces during erection, where it would be of the 
greatest service, but it has not generally been found convenient 
to use portable riveting-machines for this purpose, although 
they will probably be used more extensively in the future. 
When a bridge or girder is finished, there will generally be a 
certain proportion of loose rivets, which, if decidedly loose, 
should be cut out and replaced with well-fitting rivets. Loose 
rivets may be easily detected by tapping the rivet on one side 
with a small hammer and holding the finger on the other, but 
apparently tight rivets may be rendered loose by too frequent 
tapping, and absolute tightness cannot be expected from the 
nature of the process. 

In designing riveted joints it is generally assumed that the 
size of the finished rivet is the same as that figured on the 
drawings. Sometimes, however, the nominal size of the rivet 
is ^^ of an inch smaller than the actual size before it is closed, 
and if the holes are drilled, they are usually made the correct 
size ; so that there is no practical difference in the figured from 
the actual sizes, excepting that no rivet can completely fill the 
hole if put in hot, in consequence of the lateral contraction in 
cooling. In punched work the holes are generally from 10 to 
20 per cent, larger than the nominal sizes of the rivets, and the 
shearing resistance of the rivets in the joint is consequently 
always in excess of that calculated, but, since the stresses are 
not likely to be so well distributed in punched as in drilled work, 
this excess may be neglected. 

Some engineers specify that the rivets shall be the actual 
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sizes figured on the drawings before being inserted in the work, 
in which case the finished size is ^ of an inch larger, giving an 
excess in both drilled and punched work. It will be assumed 
in the following calculations that the rivets are of the actual 
sizes figured, which appears to be the general practice. 

Joints in Flange Plates and Webs of Girders.— Figs. 259 and 260 
represent the methods commonly adopted for covering the joints 
in the flanges and webs of girders. In each case the total 
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shearing resistance of the rivets on one side of the joint should 
be at least equal to the tensile resistance of the net section of 
the plate through the rivet-holes ; or, in other words, the total 
shearing resistance of the rivets on one side of the joint should 
not be less than the stress developed at the joint. It is a good 
rule to make the strength of the rivets about 10 per cent, greater 
than that of the net section of the plate, as, from the nature of 
the process of riveting, the stress is not often uniformly distri- 
buted over the rivets, some being more severely stressed than 
others. In Fig. 259 there is a cover-plate on each side of the 
joint, and the rivets are in double shear, as they must shear at 
two sections at the same time. In Fig. 260 the cover-plate is on 
one side only, and the rivets can shear at only one section, con- 
sequently the rivets in double shear ought to be twice as strong 
as those in single shear. Again, in single shear the material is 

p 
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not symmetrical with reference to a line passing through the 
centre of the thickness of the plate, and there is a tendency to- 
wards an unequal distribution of stress over the joint. In 
double shear it is usual to allow 1*75 times the strength in 
single shear. 

In order to obtain cover-plates of the full width of the girder 
on each side of the joint, it is necessary to insert a packing-piece 
between the angle irons and the flange plates equal in thickness 
to the inside cover-plates, and butting against it as shown in 
Fig. 259. An intermediate case is one in which narrow cover- 
plates are riveted on each side of the angle irons ; but if the rivets 
are considered to be in double shear, the flanges of the angle 
irons ought not to be considered in the net sectional area of the 
bottom flange. Sometimes a strip is placed at the bottom of 
the girder of the same width as the flanges of the two angle 
irons in addition to the two inside strips and outside cover. 
The cover-plates need not be so long when the rivets through 
them are in double shear. In Fig. 259 there are two plates, 
and the joint occurs on the inside ; hence the moments of the 
area of each cover about the centre of the joint ought to be equal, 
from which it follows that the inside cover should be thicker 
than the outside, because its lever arm is shorter, while the total 
thickness of the two covers need not be greater than that of the 
plate covered, thus : If the plate covered is \ inch thick, and the 
plate between it and the outside cover the same thickness, and 
^1 and fa the thickness of the inside and outside covers respec- 
tively — 

h + <2= i 

2-^ 

hence the inside cover should be twice as thick as the outside 
cover, ti = I, <2 = ^9 Aiid the covers may be made f inch and 
\ inch respectively. 

The greater the number of plates between the joint and the 
outside cover, the smaller the thickness of the outside relatively 
to that of the inside cover. In a pile of plates with a joint in 
the centre, or in a joint consisting of a single plate with a cover 
on each side, the thicknesses of the cover-plates should be equal. 
The covers to joints in web plates are generally double, so that 
the rivets are in double shear, and their joint thickness is 
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slightly greater than that of the web plate. The resistance of 
iron and steel bars to shearing is about \ of the tensile strength 
of the material ; but rivet iron is of better quality than plate- 
iron, the tensile strength being about 24 tons per square inch, 
while riyet-steel is about 26 to 80 tons per square inch, so that 
the shearing strength of riyet-iron is about equal to the tensile 
strength of plate-iron. But the shearing strength of steel is only 
about 23 tons, hence the ratio of rivet area to plate area in single 
shear should be one of equality for iron plates and rivets, but as 
5 : 4 in steel plates and rivets ; but, in order to allow for imper- 
fections in workmanship, and the variations from other causes, 
the ratio for average cases may be taken as about 1*1 for iron, 
and about 1*4 for steel. Although the ratio of rivet area to 
plate area is the most important consideration in the strength of 
riveted joints, still, under some circumstances, the joint may 
fail in other ways even when this ratio is as above stated. The 
plates or rivets may be crushed due to excessive pressure on the 
bearing area, or the plate may break away in front of the 

rivet. 

The value of the crushing stress which produces injury to 
the tenacity or shearing resistance of the joint is stated by Pro- 
fessor TJnwin to be very uncertain, but that there is no indica- 
tion of injury in the case of steel joints with crushing pressure 
of 50 tons per square inch. If, therefore, the working crushing 
pressure is not greater than 8 tons per square inch in iron joints, 
and 10 tons in steel, there will be no danger of the rivets crush- 
ing, or the holes elongating. 

If 6 = the breadth of a plate after deducting the diameters 
of the rivet-holes ; 
t =: the thickness of the plate ; 
a = the area of the rivet ; 

n = the number of rivets required on each side of the 
joint ; 
then, neglecting the pressure on the bearing area, we have, for 
iron rivets — 

I'lo* = na, smgle shear; .". n = 

I'lht = l*75wa, double shear; .•. n = 

a 

for steel rivets — 
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1«46^ s= nay single shear ; .-. 7? = — 

a 

1'46^ = l'75wa, double shear; /. n = 

a 

The areas of | inch, ^ inch, and 1 inch rivets may be taken 
as 0'44, 0*6, and 0*78 square inches respectively. The pressure 
on the bearing area should then be calculated to see if it is within 
the safe working stress above referred to ; if it is not, the 
number or diameter of the rivets should be increased. It will 
not generally be found necessary to increase the diameter or the 
number of rivets in order to increase the bearing area in single- 
shear joints, but with thin plates and double-shear joints the 
bearing area must not be neglected. 

Fig. 261 represents a group of joints in the tension boom 
of a girder with cover-plates on each side, so that the rivets are 
in double shear. The thicknesses of the two covers should be 
equal, as the lever arm with reference to the joint in the upper 
plate on the right and the top cover is the same as the lever 

/ ' —91 ' ^^ V g g 7J j 

I „ fi ^' =1 0\ , i 
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arm with reference to the joint in the lower plate on the left 
and the bottom cover. If the group of plates consists of equal 
thicknesses, there will be a slight excess in strength if each 
cover is made equal in thickness to one of the plates ; if the 
plates vary in thickness it will depend upon their position, in 
BO far as they affect the length of the lever arms of the covers 
about the joint. If each of the five plates shown in the figure 
is i inch in thickness, the thickness of each cover should be 
made i inch; the excess in area may be neglected. With 
reference to the group of joints shown in the sketch — 

1. Failure may occur by the shearing of all the rivets in 
the joints between 1 and 7. 

2. Failure may occur by the shearing of the rivets between 
2 and 6, and the tearing of both cover-plates at the same time. 

8. Failure may occur by the rivets between 1 and 7 cutting 
into the plates from insufficiency of, or excessive pressure on, 
the bearing area. 

4. Failure may occur by the rivets cutting into the covers 
between 1 and 2 and 6 and 7 at the same time that the rivets 
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cut into the plates between 2 and 6 and 2 and 9, or between 
2 and 6 and 2 and 10. 

With regard to the first mode of failure. 
Let N = the total number of rivets in the joint. 
y = the number of plates. 
h ;= the breadth of each plate less rivet-holes. 
i = the thickness of each plate. 
m = the number of rivets in each end group. 
r = the number of rivets in each central group. 
d = the diameter of the rivets. 
<i = the area of one rivet. 

Then N = pbt for iron = 2ni + (p - l)r (1) 

0-8 
N = i^fci for steel = 2m + (p - l)r (2) 

With regard to the second mode of failure. If the thickness 
of each cover be made equal to t, then — 

Cover-plate area = 2ht 
Nunfber of rivets in the central groups = (;? — l)r 
Hi vet area in the central groups = (p — l)ra 

Equivalent plate area = "Tf;^^^ 

"'• 2ft« + ^^'0^628"^ = ^^^ ^^^""^ ^*^ 

2it + ^^g— = pbt (steel) (4) 

Equations B or 4 may be solved for r, which may be substi- 
tuted in equations 1 or 2 to find m. It will generally be more 
convenient to calculate the ratio of the intensity of pressure on 
the bearing area to the tensile strength of the plates, in order 
to see whether the third and fourth methods of failure are 
possible with the joint under consideration. 

If we take 8 and 10 tons as the greatest permissible pressure 
in the case of iron and steel respectively, this ratio should not 
exceed 1*6 ; let q denote the ratio referred to. The total area 
exposed to pressure is for the third mode of failure — 

pmtd + (p -- l)rtd + . , , + rtd =zpmUl +f Cp - 1)'*^^ 
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pb 

q = ^ 



For the fourth mode of failure the area exposed to pressure 
is — 

2mtd + (p - l)rtd + . . . + rtd = 2?nti + ^{p]- l)rtd 

pb 
.\ q = ^ 



Example L — ^A group joint for three plates, each 24 inches 
wide by ^ inch thick, rivets | inch in diameter and 4 inches 
pitch. We may assume that there will be four rows of rivets 
longitudinally 9 and that the plates need not be weakened to a 
greater extent than by two rivets. 

The effective width of the plate is therefore (24 — 2 x |), 
or 22*25 inches, and the effective area 11*125 square inches. 

The lever arms for the cover-plates will be about as 1 : 8, sa 
that |-inch plates will be sufficient. The total number of rivets- 
required is — 

-- 0-628 X8 X 11125 „, ^^ ,. , 
N = — = 34-93 (uron) 

0-8 X 3 X 11125 ,, ^^ , . , > - 2m + 2; 
= — = 44-50 (steel) \ 

2 X 3 X 22*25 
Cover-plate area = — = 16-68 square inches 

Bivet area in central} 

gjQ^pg > = 2 X 0*6 X r = l-2r square inches. 

1*2^ 
Equivalent plate area = — — - = l-91r (iron) 

0-o28 

l-2r 
>» f9 39 = -^ = l*50r (steel) 

.-. 16-68 + l*91r = 11-125 x 3 .-. r = 8*7 (iron) 
16-68 + l-50r = 11-125 x 3 /. r = 11-1 (steel) 

But r must be some multiple of 2, so also must N, therefore- 
we have — 

2 m + 2 X 10 1= 36 /. m = 8 (iron) 

2 w + 2 X 12 =r 46 /. m = 11 (steel) 
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In this case m may be made equal to r = 10 and 12 respectively. 

3 X 22-26 



3 = 



8x7 



= 1-2 (iron) 



(20 + 20) 



8x2 

3 X 22-25 



3x7 



= 1-06 (steel) 



8x2 

3 X 22-25 
or 3 = *^ 



(24 + 24) 



5(20 + 80) 
3 X 22-25 



= 1-50 (iron) 
= 1-26 (steel) 



\m + 36) 

Hence the pressure on the bearing area is not excessive, and 
the joint may be designed as in Figs. 262 and 263. 
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Example II. — A group joint similar to the last, only with five 
plates instead of three. 

^^ 0-628 X 5 X 11-125 ^^ ^ ^^ . . 

N = T-z = 58-2, say 60, for iron 



0-6 
0-8 X 5 X 11-125 

0-6 



= 74-1, say 76, for steel 



The cover-plates may be taken as the same thickness as the 
plates in this case. 

Cover-plate area = 2 x 11*126 = 22*25 square inches 

Bivet area in central groups = 4 x 0*6 x r = 2'4r square inches 

2-4r 
Equivalent plate area = ^r^^ = 8'8r (iron) 

2-4r 
= -^=8'- (steel) 

.-. 22-25 + 3-8r = 11-125 X 5 /. r = 8-78 <iron) 
22-25 + 3r = 11-125 X 5 /. r = 11-12 (steel) 
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Taking the next greatest multiple of 2, we have, as before — 

2m + 2 X 10 = 60 .'. m = 20 (iron) 

2w + 2 X 12 = 76 .-. m =r 26 (steel) 

5 X 22-25 ^^ .. , 

q = ^ ^ = 0'6 (iron) 



5x7 



(40 + 10 X 4) 



2x8 

5 X 22-25 



5X7 



- = 0-5 (steel) 



2x8 
5 X 22-25 



(52 + 12 X 4) 



or(? = - 



J(40 + 100) 
5 X 22-25 



= 0-9 (iron) 
= 0-7 (steel) 



-J(52 + 120) 

Hence the pressure on the bearing area is very small, and 
the joint may be designed as shown in Figs. 264 and 265. 

Generally, if the tension flange is designed for double shear, 
the compression flange in drilled and planed work may be 
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Fig. 264. 
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Group joint for a steel plates. 



made in single shear, with the same overlap of plates and 
length of covers as in the tension flange. The question of 
bearing area clearly does not arise in the single-shear joints. 
The advantages in grouping the joints instead of distributing 
them throughout the girder with separate covers to each are : 
(a) the girder can be riveted up in the bridge yard in sections 
of suitable length with regard to carriage ; (Jb) the quantity of 
' material used in the covers is reduced, as well as the number 
of rivets required to be put in during the erection of the bridge. 
If separate covers are used for each joint, we should require, in 
the case of the iron joint, with three plates and rivets in single 
shear — 

,, Vlht 1-1 X 22-25 ^^ , 
N = = -:: r-r~ = 20*4 



a 



2 X 0-6 
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or 22 rivets on each side of the joint, necessitating cover-plates 
4 feet long, so that for three joints the total length of covers 
would be 12 feet. In double shear — 

^, 0-628i« 0-628 x 22*25 , , ^ 

^ = -^= ^-xo-e ='''^ 

or 12 rivets on each side of the joint, necessitating cover-plates 
2 feet 4 inches long, so that three covers would measure 7 feet, 
whereas the group joint only measures 8 feet 4 inches. In the 
case of the steel joint, with five plates in double shear — 

^, 0-8ft* 0-8 X 22-25 , , ^ 
N=-^ = -2x0-6 =^^*« 

or say 16 rivets on each side of the joint, necessitating cover- 
plates 8 feet long each, so that five such joints would measure 
15 feet, whereas the group joint only measures 9 feet 4 inches. 

Joints in angle irons may be arranged as shown in Figs. 
266 and 267. 

,9iarirBts 1 i'ttrhn pitch ^ ^ ^ 

i,y._y.-.^ ,'r{-.^..^.yj ^ F.a. ««. 
/• suT'SfiT'StC i^nrets t inchet p ilch 

O Q/Q Q Q Q Q Q b Q\Q Q 
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Q 0\0 O Q O Q ^ O Q/Q^mW'\^ 

In Fig. 266, it is necessary to provide an angle-u'on wrapper 
which shall be equal in area to the main angle iron, thus — 

For 4 X 4 X i = (7i — J)i = S'S square inches 
„8ix3ixf=(6f- 1)^ = 3-4 „ 

and the number of rivets required on each side of the joint is, 
since all the rivets are in single shear — 

N = — r-r — = 6*05, say 6 rivets 
0*6 

so that the wrapper must be 2 feet 4 inches long. 

In Fig. 267 the joints in both angle irons are brought under 
the same wrappers, so that the area of the two wrappers should 
be made about 20 per cent, greater than the area of one of the 
main angle irons. It should be noticed that the rivets through 



Engineering Construction. 



the angle irons fmd web are in double eheat, while tlioee through 
the flangea are in single Bhear. 

Area of 2 angle wrappers, each 3i x 3i x | = 2{6f - f )| 

= 4'3 square inches 

so that there is an excess of one square inch in area over that 
of the main angle irons, which is about correct. The rivet ares 
is obvionsly sufficient for tensile and bearing resistance, and 
the total weight of covers necessary is leas. 

The advantages of this joint over the method of providing 
a separate wrapper for each are : that the centre of gravity does 
not deviate from the axis of the girder, so that the stresses are 
uniformly distributed ; the smaller wrappers allow the rivet to 
be closed with a full head, as there is \ of an inch more space 
than with the thick single covers, at least half the rivets are in 
doable shear. 

Joists between Bracing Bars and Booms. — In riveted gurders 
with parallel, curved, or polygonal booms, it is necessary to so 
arrange the bars and plates that the vertical or diagonal bars 
of the web may be conveniently connected to tbam. 

For lattice girders about 80 feet span, the methods illustrated 
in Figs. 269, 270, and 271 may be conveniently used. T and L 
irons may be obtained 9 inches deep, and the extra cost more 



V^ 



^ 



than compensates for the convenience in the attachments of the 
bracing. For girders about 40 feet span, the method illustrated 
in Figs. 273 and 274 is convenient ; it was introduced by Mr. A. 
M. Bendal for the Warren Girder Bridges, Indian State narrow- 
gauge railways. The channel iron section shown on Fig. 26tt 
may be used up to about 125 feet. Fig. 272 illustrates a 
method of forming the booms of a braced girder of from 120 to 
200 feet span ; the vertical stringer plates may be doubled or 
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mode as thick as may be aeceBsary, but tbey mast not be made 
lesB than i inch thick in any case, ae tbey are liable to twists 
Angle irons may be riveted to the bottom of the stringer plate, 
forming two channel iron sections. 

The sections illnstrated merely suggest the various ways in 
which booms of braced girders may be built up of bars and 
plates in a convenient manner for the attachment of the bracing 




bars. Other combinations will suggest themselves. In the 
bottom boom of a detached girder, for example, a series of 
vertical plates may be used, retaining one of the designs shown 
for the top boom. In a continuouB girder, in consequence of 
the reversal of stress which occurB, the bottom boom should be 
constructed in a similar manner to the top boom. 

In designing the attachments of the bracing bars to the 
booms, the rivets should be symmetrically arranged with 
reference to the axis of the bracing bars and boom, or the 
stresses will not be uniformly distributed. Fig. 275 shows 
a tension bar 6" x J", with 6 rivets 1 inch in diameter, but they 
are unsymmetrically arranged with refer- 
ence to the axis of the bar. The centre 
of gravity of the rivets is \ of an inch 
from the axis of the bar. If two forces, 
each equal to the pull upon the bar P, 
equal say 7i tone, be supposed to act " 

along the line passing throngh the centre of gravity of the 
rivets, they will not disturb the equilibrium, and we have a force 
P and a oonple Pas, where « = §. The force P produces a 
uniform stress/], the intensity of which is — 

P 7"5 
/, = --= — = 8 tons per square inch 
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The couple P^ = § x 7*5 = 5 inoh-toDS, producing transyerse 
stress upon the bar. If we denote the intensity of stress at the 
extreme fibres by ^, we have, since the bar is rectangular, the 
moment of resistance — 

4M% = |-^/« = 8/, 



^2 = 3, and^ = 1 ton per square inch 
Hence the maximum tension produced will be— 

j\ +/2 = 3 + 1 = 4 tons per square inch 
and the maximum compression — 

/i — /a = 3 — 1 = 2 tons per square inch 

This unequal distribution of stress is avoided by arranging 
the rivets symmetrically or by the use of pins, but it is not 
always possible to obtain perfect symmetry with reference to the 
line passing through the centre of gravity of the booms. The 
axes of the bars should intersect on a line parallel to and in the 
same horizontal plane as the line passing through the centre of 
gravity of the boom. 

Professor Beilly states that '' the centre of gravity of the 
group of rivets must fall on the intersection of the mean fibres 
of the bars/' and he further implies that the first rivet should 
be on the mean fibre. In Fig. 276, if the ten rivets shown are 
equal in resistance to the section of the plates less one rivet- 
hole, the arrangement is as good as it is possible to obtain. 

Consider the sections a, 6, and c. At a 
the section of the plate is weakened to 
the extent of one rivet-hole ; section h is 
weakened by two rivet-holes, but the plate 
cannot tear across through the holes 
without the rivet on section a shearing 
at the same time, consequently the 
shearing resistance of this rivet must be added to that of 
the plate resistance through h. At section c the plate area 
is reduced by four rivet-holes, but the two rivets on section h 
and the one on section a must shear at the same time. 
If the resistance of the rivets to shearing is equal to the 
resistance of a strip of plate of a width equal to the sum of the 
diameters of the rivets, the strength of the joint will be reduced 
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by the diameter of one rivet-hole only. The foregoing examples 
illustrate the principles to be observed in designing the riveted 
joints and connections in braced girders ; other examples are 
given in the plates. 

Eye-ban. — ^Biveted joints and connections are characteristic 
of British and European practice in bridge-building, but in 
America the main connections of tension members, both in the 
lower chord and diagonal braces, are made by means of pins. 
The tension members consist of eye-bars, which are designed so 
that the weakest section is in the bar itself. 

Fig. 277 represents a form of hammer-forged eye-bar, which, 
according to Professor Burr, has stood the test of long American 
practice. It may be drawn as follows : — 

Let %D denote the width of the bar, and r the radius of the 
pin ; then make lih = 0*87 ^r, and ahc a semicircle with o^ as 
centre and radius = r -I- 0'66i(? ; oo^ = oo^^ and the curves cf and 



♦^---AWr-- 






•M 




•M 






MytirauUe iorg^d. 



Fig. 277. 
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Fig. 279. 



dg are portions of a semicircle of the same radius as ahc. The 
curve joining ef and dg to the bar is made so as to give a large 
amount of metal in the vicinity of o^/ and c^g. 

Fig. 279 shows a form of hammered head based upon ex- 
periments made by Mr. Eorkaldy. The head is frequently 
made circular, as shown in Fig. 278, in which case the eye-bar is 
forged by hydraulic machinery. If it is desired to thicken the 
head so as to limit the mean intensity of pressure on the bearing 
area of the pin, let P denote the safe intensity of pressure ; T, the 
maximum intensity of tensile stress in the bar ; t, the thickness 
of the bar ; and ti, the thickness of the head ; then — 



wtT = 2rp<i, and h = 



5^ 
2?7> 



Size of Pins. — The diameter of the pin should be at least 
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sufficient to resist crushing and to limit the intensity of the 
pressure on the bearing area of the eye-bar to a safe amount. 
Let d denote the diameter of the pin, then id'p = Ttii?. 

.*. d^ w 

P 

The ratio of the safe working intensity of tensile stress, T, 
to the compressive stress, P, is about |, so that the smallest 
permissible diameter of the pin is — 

The smallest diameter usually taken is — 

d^%w 

In Mr. Kirkaldy's eye-bar the diameter of the pin, d = 0*66 tr, 
i& the smallest which will break the bar. The diameter of the 
pin is usually greater than this value, as the pull of the eye- 
bars in the bottom chord and diagonals tend to bend it. 

The maximum bending moment on the pin must be found by 
resolving all the forces which act upon it both horizontally and 
vertically; thus if M^ denote the sum of the moments of the 
horizontal forces, and M^ the sum of the moments of the vertical 
forces, then — 

M = VMx' + M.^ 

/I 
M = — ; which becomes 

y 

M = ~^ since the section is circular. 



3 



732M 

The value of/ is usually taken as 16,000 lbs. per square inch 
for iron, and 20,000 lbs. per square inch for steel ; so that 
we have — 

d = 0-089^ M (iron) 
d = 0-081^M (steel) 

It is usual to select the proper diameter of the pin, when 
-the bending moment M is known, from tables calculated by the 
two last fojmulsd. 
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The bending moment M may be calculated with sufficient 
accuracy on the assumptions — 

(a) That the pressure applied to any pin has its centre at 
the centre of the surface of contact. 

(6) That the centre of pressure is the centre of such ^ a 
surface as will reduce the intensity of pressure on the bearing 
area to its safe maximum value, which fm. 280. 

for wrought iron is about 12,000 lbs. 
per square inch, or about one-half of 
what has been found to be the limit 
for rivets. The pin does not fit the 
hole, as there is generally a clearance 
of -^Q of an inch, and the surface over 
which the pressure is actually exerted 
increases with the stress in the bar 
from a line contact to a surface more 
or less approaching dt. 

Referring to the joint shown in Fig. 281, and denoting the 
distances between the centres of the eye-bars by aJi, a?2, 03, etc., 
and the maximum tensile stress in the various bars by To,T6,Tc, 
etc., we have — 




d __a 
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About the centre of eye-bar D 

>> >> >> -^ 

E 



>> 



>> 



>> 



»> 



>> 



»> 



+ T,(a!b) 
.. Ta (a?! -I- a^| + aJa + ^4) 
- Td(aJa + «3 + x^ 
+ T5(a3 + X,) - T,(«4), etc. 

The stress in the counterbrace B does not usually act when 
the maximum stresses occur in the pin, and may therefore be 
neglected. The stress in the diagonal brace G must be 
resolved both horizontally and vertically, and the moments of 
the horizontal component about the centre of the post F added 
to the sum of the moments produced by the eye-bars in the 
bottom chord about the same point; the result M^ must be 
added to the moment of the vertical component M, about the 
same point, thus — 

The resultant may also be found thus : Set off Ma; to scale 
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M^ 



Fig. 282. 



representing the moment of the eye-bars in the bottom chord 
about the centre of the column F, and Mp also to scale in a 

direction perpendicular to that of the 
diagonal brace G, representing the moment 
of the diagonal brace about F. Complete 
the triangle ; then M will represent to scale 
the magnitude of the greatest moment to 
which the pin is subjected, and its direc- 
tion is the axis of the moment. The 
maximum bending moment in the pins of 
the lower chord will generally occur when 
the bridge is loaded completely, but in 
the upper chord when the bridge is partially 
loaded. 

The eye-bars should be grouped so that they are symmetrical 
with reference to the axis of the lower chord, and so that the 
positive and negative bending moments tend to balance each 
other as much as possible. It will be observed that if the eye- 
bar is thickened in order to reduce the pressure on the bearing 
area, the length of the lever arm is increased with a corre- 
sponding increase in the bending moment, necessitating a 
larger pin. When the size of the pin is sufficient to resist the 
maximum bending moment, and for bearing area, it will be 
amply sufficient to resist shearing. 

Joints in Iron Boofs. — The student will best understand the 
method of designing the joints in connection with roof-con- 
struction by examining the working drawings of roofs already 
built, or by inspecting the roofs themselves. 

The few examples of joints in roof-construction which can 
be given in this chapter have been selected from some well- 
known roofs. 

Figs. 288 and 284 illustrate the junction of the tie with the 
curved bow, and the junction of the strut and tie of the web to 
the curved bow, in a curved roof over the volunteers' drill-hall 
at Port Elizabeth. The curved bow and the main tie are each 
constructed with double angle irons, so that the detail at the 
ends over the supports consists of a web plate between the 
angle irons uniting the upper and lower members, and two 
angle stiffeners uniting the ends to the bed-plate. The junction 
of the tie and strut to the curved bow is effected by means of a 
junction-plate inserted between the angles, and extending suffi- 
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ciently below the bow to 

allow room for the neces- it^ t^ Volunteer MrUlSall. 
number of rivets 



Port Elixaheth. 




eary 

uniting the tie and strut to 
the junotion-plate. These 
riveta are in single shear, 
|of aninch in diameter, but 
those through the double 
angles and junction-plate 
are in double shear. 

Figs. 285, 286, 287, 
and 268 represent the de- 
tails of two of the joints 
in the roof principals over 
the railway station at Pen- 
zance. Here the curved 
npper member is con- 
structed with double angle 
irons and a stringer plate, 
and the junction with the 

main tie is effected by 

riveting a plate on each Junetimef St^idandTietoBow. 
side, which extend 



Detail at Jhdment 




Details aZ Abtttnmnt. 
Penzance Station Roof, G.MM, 
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ciently in the direction of the tie to enclose it between the plates 
and to give room for six rivets in double shear. It should 

^ be noted that pack- 

ing pieces are used 
to avoid bending or 
cranking of the junc- 

FIG.28T. 
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tion-plates; packing 
pieces are also used 
at the ends of the 
bracing at the junc- 
tion with the main 
tie, Fig. 288, and in 
both cases they might 
have been avoided by 
riveting reinforcing 

plates on each side of the tie-rod in Fig. 285, and on each side 

of the strut and tie in Fig. 287. Packing pieces tend to cause 

bending in the rivets. 

Fig. 289 represents the attachment of the main tie to the 

principal rafters in the roof over the railway station at Broad 
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Fig. 289. 




Fig. 290. 



£nad S^StaHion, London. N.LR. 

Street, London. In this case a cast-iron shoe is used for 
receiving the end of the principal, which forms also a bed-plate 
on the supports. The tie-rod is connected by means of gibs and 
cotters to the side plates or straps, and the latter are connected 
to the rafter by means of a turned pin. This adjustable connec- 
tion allows the tie-bar to be put in initial tension, thereby ensuring 
its prompt action in resisting the stresses developed in it. 

Figs. 293 to 296 illustrate some of the details of the main 
crescent, or sickle-shaped, truss over the railway station at 
Lime Street, Liverpool. 
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The eoonection of the main tie to the bow. Fig. 293, ia 
effected by means of gibs aod cotters, which allow the tie-rod to 
be initially stressed. The main tie consists of four bars, each 




i^a_ 



5^ inches by -f^ of an inch, and there are four straps 8 inches 
by -fl of an inch, formed with eye-bars at one end and two rect- 
angolar slots at the other. The straps are united to the bow 
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Fig. 297. 



by means of a turned pin, and to the ends of the tie-rods 
by means of gibs and cotters. The main bow is oonstruoted 
with four angles, web and flange plates of the ordinary plate 
Lime Str^t StationRo^. web girder section, excepting at 

r - 11 ffhrn • *^® ends, which are widened out 

Lirerpooi. LitAWK. ^^ ^^^ manner shown in Fig. 298, 

to give room for the tie-bars and 
straps. 

The detail is fully illustrated 
in the various figures, and needs 
no further explanation. Figs. 
297 and 298 iUustrate the con- 
nection of the centre braces to 
the bow and tie-bars. The 
braces are all constructed of four 
angles, splayed in the centre to 

rf ^ ^ B. I a parabolic form, and they are 

GmMdion of centre inues ^^^^^ ^^ ^^^^^^ ^^ junction 

to kmf and tie bare. plates, which latter are attached 

to the bow by means of double angle irons and to the tie-bars 
by means of turned pins. 




FlO. 298. 



FlO. 299. 
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bUt* 
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CoMuan Stnet Station, S,EJL 

Figs. 299 to 808 illustrate the methods adopted for connect* 
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ing the bow and main tie to the compression and tension 
members of the bracing in the roof over the railway station at 
Gannon Street, London. The roof is similar in form to that at 




Fig. 304. 
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Fig. 306. 
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Lime Street, Liverpool, but the web bracing is redundant and 
the tension members are made adjustable. 

Figs. 804 and 805 represent the detail at the foot of the main 
strut in the roof over St. David's Station at Exeter. Here the 
strut is made adjustable by means of the screwed connection 
with the main tie. 

Figs. 806, 807, and 808 represent the junction of strut and 
tension rods to the upper member of the truss and the main 
tie in the roof over the Junction Station at Bristol. Here the 
strut is made adjustable by means of screwed connections at 
each end, and the main tie and tension braces are provided with 
union screws. 

Joints in Timber. — Figs. 809 and 810 represent the plan and 
elevation of a tension joint in timber, consisting of two cover- 
plates notched into the beam at each end and bolted as shown. 
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The beam is weakened to the extent represented by the re- 
duction of area due to the notching, and the length of the 
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notches on either side of the joint must be such that the shearing 
resistance will be equal to the tensile resistance of the beam at 
the reduced section, neglecting the resistance of the bolts. 



Fig. 309. 
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Clearly the thickness of the two cover-plates in the centre 
must equal the reduced thickness of the beam if the same 
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material is used for both, which is indicated in the figure by t 
and 2f. Again, the shearing areas cA and ^must be equal. The 
depth of the two notches must be sufficient to offer a crushing 
resistance equal to the tensile resistance of the reduced area of 
the beam. 

Assuming the following data for the intensity of working 
stress in pounds per square inch for Baltic fir and ironbark, we 
may (dimension the right-hand side of Fig. 809 for the latter 
material, and the left-hand for the former. 

Tension for Baltic fir, 1800, for Ironbark, 4000. 
Compression „ „ 1100, „ „ 2000. 

Shearing „ „ 140, „ „ 400. 

Bearing „ „ 1300, „ „ 4000. 

Let h = breadth of beam. 
A = depth „ „ 
I = length of notch. 
X = depth of notch cut in beam. 
t = thickness of cover at the centre. 
2t = thickness of reduced section of beam. 
If we take the depth of the beam 12 inches, and the breadth 
9 inches, we have for Baltic fir — 

2t = 6 - 2ic 
.-. 2t = 9-2x, and t = 4-6 - a? 
.-. t = \lx = 4*5 - 05 
since l.SOOt = llOOa 

.-. X = 2'4 inches, and t = 2*1 inches, and 1800^ = 104/ 
/. t = ^^^l = 2-lZ 
/. I = 19*5 inches 

For ironbark — 

i = 4"6 — a as before 
but 4000^ = 2000a: 

X 

/.« = -= 4-6 r- X 

.-. x = 3 incheB, and t = 1*5 inches, 4000t = 400! 
I 

/. Z = 15 inches 

In both cases the strength of the joint is much less than the 
beam, in consequence of the reduction of area due to notching. 
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The Baltic-fir joint has an efficiency of 47 per cent, nearly. 

The Ironbark „ „ „ 84 „ „ 

The joints shown in Fig. 811 would naturally suggest them- 
selves, in which the crushing and shearing resistances are the 
same as in Fig. 809. 

Neglecting the resistance of the bolts, the dimensions may be 
as shown — 



Efficiency of Baltic-fir joint = 82 per cent. 
Efficiency of Ironbark joint = 77*7 per cent. 

If the bolts are considered we should not have to cut the 
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notches so deeply, or the efficiency would not be increased, but 
the length of the notches and spaces between them would not 
require to be so great. 

The objection to this and the preceding joint is that the 
timber is notched at right angles to its length, rendering it 
likely to fracture at yy with a lower stress than the reduced 
area would resist under favourable circumstances, so that the 
efficiencies given above are probably too great. 

Fig. 812 shows a modification of the joint shown in Fig. 811, 
which may be taken to have the efficiencies above stated, as it is 
not so likely to fail in consequence of sharp comers. 
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Figs. 818 and 814 illustrate a form of joint used in Australia 
in the bottom chords of timber truss bridges, which are frequently 
constructed of ironbark timber. The form of the truss is in- 
dicated in Fig. 168, Chapter YIIL, and the joint under considera- 
tion occurs in the third and sixth bays. The chord is constructed 
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with four beams, each \\ inches wide by 14 inches deep, bolted 
together with bolts 1 inch in diameter, arranged in a zigzag 
form, 10 bolts being used in each bay. The apex loads and 
stresses have been considered in Chapter YIII. 

The joint is designed for a maximum tensile stress of 109'1 
tons, and the chord for this stress, as well as for the transverse 
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stresses due to the loads discharged by the cross-beams between 
the panel-points. The dimensions and arrangements of the 
bolts and cover-plates shown in Figs. 818 and 814 have been 
arrived at after a series of experiments on full-sized joints of 
similar construction. In all cases the joints experimented upon 
failed by the bending of the bolts and the crushing of the fibres 
of the timber on the bearing area, and the following safe working 
stresses per bolt were deduced : — 

Bolts 1\ inch in diameter — 1*85 ton stress in single and 8'7 
tons in double shear. 

Bolts 1 inch in diameter — 1*84 ton stress in single and 2*68 
tons in double shear. 

In this way the strength of the joint shown in Figs. 818 and 
814 may be estimated by considering the strength of the bolts 
thus — 

16 bolts 1\ inch in diameter in single shear = 16 x 1*85 

= 29-6 tons 

24 bolts 1\ inch in diameter in triple shear = 8 x 24 x 1'86 

= 183-2 tons 

The total strength of the joint, neglecting the |-inch cover- 
plates, is 162*8 tons. The joint is therefore excessively strong. 

Figs. 815 and 816 illustrate another form of joint used in 
the bottom chords of trusses indicated in outline in Fig. 169. 
In this case the chord is made up of two beams, each 12 inches 
deep by 6 inches wide, spaced. 
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There are two strips on each cover-plate, 2 inches long by 1 
inch wide by 12 inches deep, which fit into corresponding notches 

cut in the timber. The 

maximum tensile stress in 

this case is 58*04 tons. 

The strength of this joint 

] may be considered with 
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one side of it, and the crush- 
ing strength of the timber 
at the notches, thus — 

Strength of two notches in half-chord = 2 x 1" x 12 x 2000 

= 48,000 lbs. = 21-4 tons 
4 bolts in double shear 1 inch diameter := 10*72 
2 „ single „ 1 „ „ = 2*68 
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Total strength of half-chord = 34*80 tons. 
Total „ whole „ =69*6 „ 

This joint is therefore abundantly safe, since the maximum 
tensile stress is only 58*04 tons. There is an advantage in 
regard to the number of notches ; two surfaces may be arranged 
to bear equally, whereas with a greater number it is practically 
impossible to obtain the same bearing pressure on each notch. 
The shearing resistance along the fibre should be at least equal 
to the crushing resistance, but this does not arise in the joint 
under consideration, as the area of the timber between the joint 
and the notch multiplied by the shearing strength is obviously 
greater than the area subjected to crushing multiplied by the 
crushing strength. 

Again, the area of the timber in tension is only slightly 
reduced by the notch and the bolts, and need not be considered, 
as it is obviously excessive. 



CHAPTER XIV. 

DECKS OF IBON AND STEEL BRIDGES. 

The deck of a bridge usually consists of cross-girders, some- 
times called floor beams, and longitudinals, sometimes termed 
stringers. The cross-girders are spaced at the same distance 
apart, centre to centre, as the apices of the triangles in lattice 
girders, or at the panel-points of trusses. In a railway bridge, 
the sleepers, rails, guard rails or timbers rest directly upon the 
stringers, and these discharge their load upon the cross-girders, 
which in like manner discharge their load upon the apices or 
panel-points of the main girder or truss. 

The weight of rails, guard rails, spikes, sleepers, etc., in rail- 
way bridges for heavy traffic may be taken as 400 lbs. per lineal 
foot of bridge for each line of way. 

The stringers in truss bridges are usually constructed as 
plate web girders, having an effective depth of from ^ to ^.j ^^ 
the span; but in lattice girders, where the distance between 
the apices is much smaller than in truss bridges, rolled iron or 
steel girders are frequently used. Stringers of iron or steel are 
spaced from 6 to 8 feet centres transversely to the bridge. 
Where timber is cheap, timber stringers consisting of two or 
more groups of beams are spaced 5-feet centres, so that the 
middle of each group is immediately under the rails. 

Timber stringers usually rest on the top flanges of the 
cross-girders, but iron or steel stringers may rest in a similar 
manner upon the top flanges of the cross-girders, or be built 
into them (see Plate II.). 

The cross-girders are usually constructed of plate web 
girders, and are riveted to the vertical compression members 
in truss bridges, or suspended by means of hangers. In girders 
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with trough-shaped bottom booms, the croBS-girders are attached 
immediately above or below the apices of the triangnlation, or 
panel-points. 

The open deck illustrated in Fig. 118 is commonly used in 
America, but occasionally in England, and more frequently in 
the colonies. The deck is formed (if of timber) by means of 
planks from 3 to 4 inches thick, laid diagonally or transversely. 
Upon this floor is laid the ballast and sleepers as a loose road, 
which is maintained in the same manner as the permanent 
way on the rest of the railway. In many English railway 
bridges. Mallet's buckle plates or cambered plates of iron or 
steel are riveted to the cross or longitudinal girders, forming 
a continuous metal floor, upon which the ballast, sleepers, and 
rails are laid as a loose road as before. There are various 
systems of flooring suitable for bridges, such as Hobson's 

Table XLVH. 



Diagonal Flaie Syvtem {Sted). 




Diagonal Plate Stbtem 
(Steel). 

Breaking weight In tonB. 



Fic. 317. 



Span in 
feet. 



20 
22 
24 
26 



Ends sup- 
ported. 



74 
67 
62 
57 



Ends 
fixed. 



112 

101 

93 

86 



Arched Plate System CSteel), 



Table XLVHI. 

Arched Plate STfiTSK (Steel). 

Breaking weight in tons. 




Span in 
feet. 



Fio. 318. 



16 
20 
22 
24 
25 



Ends sap- 
ported. 



69 
55 
50 
46 
44 



Ends 
fixed. 



104 
83 
76 
69 
67 



patent flooring, shown in Figs. 817 and 318. Fig. 819 is a 
trough section manufactured by Messrs. Braithwaite and Eirk. 
Lindsay's patent flooring may be used in a similar manner ; 
also Westwood and Baillie's corrugated flooring. 
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All the forms of bridge floors illustrated in Figs. 317, 818, 
and 819 may be used mthout either cross-girders or longi- 
tudinals, provided the height and pitch of corrugations or 
troughs, and the thickness of metal, are proportioned with regard 

(^ ^ . 
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Fio. 319. 



to the maximum concentrated wheel loads. The strength of 
the troughing when connected together in a bridge floor is very 
great, as each trough acts as a girder ; again, a load concentrated 
on one trough woidd be partly borne by adjacent troughs. 

Figs. 817 to 819 are very suitable for bridge floors where 
the headway is limited, as the sleepers lie in the troughs, well 
supported by baUast. All these forms may be obtained of 
various sizes and thicknesses of metal in iron and steel, and 
they are largely used for bridge decks. Fig. 819 is shown on 
Plate Y., as applied to a highway bridge. 

The decks of bridges are very varied, and must be determined 
with reference to the locality and nature of the traffic. In 
towns the standard form of street-paving will influence the 
design of the decks of the bridges. For country bridges the 
decks may be formed as illustrated in Fig. 108 and Plates III. 
andV. 

The deck of a bridge forms an invariable portion of the dead 
load, and is independent of the span of the main girders of 
trusses. 

To design the floor of a bridge consisting of an American 
deck resting upon stringers 20 feet long, measured from centre 
to centre of the cross-girders. The cross-girders are attached 
to the panel-points of the main trusses, and have an effective 
span of 15 feet. Let the four driving-wheels of the consolida- 
tion locomotive. Fig. 826, be arranged symmetrically on the 
longitudinal stringers, so as to produce the maximum bending 
moment (Fig. 820). 

The dead load, consisting of rails, sleepers, spikes, guard 
rails, etc., as shown in Fig. 118, may be taken as 400 lbs. 
per lineal foot of bridge, or 200 lbs. on each stringer. The 
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weight of the stringer itself may be assumed to be 110 lbs. 
per lineal foot ; so that the total dead load is — 

(110 + 200)20 = 6200 lbs. = (say) 8 tons 

The maximum bending moment due to the dead load is — 

WZ_3_xJ0 

8 ■" 8 



= 7'5 foot-tons 



The maximum bending moment due to the live load is — 

12(2-625) + 6(5-75) = 66 foot-tons 
The total bending moment is — 

66 + 7-5 = 73-5 foot-tons 

If the material is steel, the working stress by the new French 
formula is — 

5-08(1 -I- ^ . ?^) = 5-08(1 + \ . l'^\ = 5-38 tons 
V 2 max./ \ 2 73-5/ 

This working stress is high for longitudinals, and the formula 
appears to give greater values than would be allowed in the 
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Fig. 320. 

best American practice where the impact is considerable. We 
will therefore adopt 4-5 tons as the working stress. 

Let the effective depth be taken as -^ of the span, or 
2 feet, then the moment of resistance is — 

fad = 4-5 X 2 X a = 9a foot-tons 

73*5 
.-. 9a = 73-5, and a = — - = 8*2 square inches 

Two angles 5 x 8^ x | may be used both for the top and 
bottom flanges ; thus in the bottom flange the effective area is 
2(7| — |)i = 8-75 square inches, which gives the necessary 
area. 

Aivets. — Assume that the rivets are | inch diameter and 4 
inches pitch ; there will be, therefore, 8 per foot, each 0*6 square 
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inches area, or a total of 1*8 square inch. The maximum shearing 
stress will occur at the points of attachment of the longitudinals 
to the cross-girders when the live load is so distributed that 
the first driving-wheel is close to the cross-girder ; the shearing 
stress will then be about 14 tons, or 7 tons per foot horizontally 
and vertically. Let f denote the intensity of stress upon the 
rivets; then — 

1*8/= 7, and/= 8'9 tons per square inch 

The rivets in question are in double shear, hence this stress 
is very safe for shearing. 

The pressure on the bearing area may be denoted by 'p\ 
then, if we have a f -inch web plate — 

jpx8x|xf = 7, and 2> = 7 tons 

which is safe for steel, hence |-inch rivets 4 inches pitch are 
sufficient. 

Thickness of the Web Plate. — The method of determining the 
thickness of the web plate must take into consideration the 
maximum intensity of shearing stress and the tendency to 
buckle. It has been shown that the intensities of shearing 
stress on two planes at right angles to each other are equal, 
and it is usually assumed that the web resists the whole of the 
shearing stress in a plate web girder, and that this shearing 
stress is equally distributed over the depth of the web. 

If a series of planes inclined at 45^ be drawn so as to divide 
the web plate into a series of strips of one inch wide, then each 
of these strips may be treated as a column, the length of which 
is equal to the effective depth of the girder multiplied by the 
secant of 45°. The load upon these elementary columns is 
the mean shearing stress acting over an area of 1 inch by 
th& thickness of the web. 

Let I = the length of the column = d sec 45°. 
t = the thickness of the web. 
/ = a constant for the material = 16 tons for wrought 

iron or steel, 
a = a constant depending on the section and method of 

fixing = y^ for rectangular sections. I 

h = the buckling stress per square inch. 
Then, by Eankine's and Gordon's formula — 
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Let « = il 



^t' 3000\«/ 

/ = 24 X 1-414 = 33-936 = 34 (say) 

• ' 34 „„ 
..- = -=90-7 

and {-\ = 8226-49 

16 480000 

"" 8226-5 "~ 112265 

8000 
= 4*2 tons per square inch 

The intensity of shearing stress per square inch is — 

iTx § = ^'^^ "^^ 

Hence the factor of safety against buckling is — 

4-2 



1-56 



= 2*9 nearly 






In Mr. Theodore Cooper's standard specifications for iron 
and steel railroad bridges and viaducts, the webs of plate web 
girders are referred to as follows : '* The webs of plate web 
girders must be stiffened at intervals of about the depth of the 
girder wherever the shearing strain per square inch exceeds 
the strain allowed by the following formula : — 

Allowed shearing stress in pounds = 

■*" 3000 

where H = ratio of depth of web to its thickness ; but no 
web plate shall be less than -^ inch thick. 

Applying this formula to the foregoing example- 
Allowed shearing stress^ 12000 

in pounds 3 ~ i /24\* 

^ "*" 3600\ }»"/ 
86000000 ^„„„ 

= -7096-=^«7« 

= 2*22 tons per square inch 
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So that the shearing stress in the | web plate is less than this 
amount, and it is therefore safe. 

A common rale in America is to put in stiflfeners when the 
intensity of shearing stress exceeds 4000 lbs. per square inch. 

The function of the stiffener is to stiffen the web by support- 
ing the elementary columns and preventing them from buckling. 
They should be spaced at intervals not exceeding the depth as 
the girder, and usually consist of double angles riveted to the 
web plate. 

There will be no necessity for stiffeners in the longitudinal 
stringer. 

The weight may now be calculated thus : — 

88 feet of angles 5 x 8} x f at 16*7 lbs. per lineal foot ... 1470 Ibe. 

20 feet of web plate 28" x I" at 35 „ „ ... 700 „ 



Total weight less rivet heads ... .. ... ... 2170 „ 

Add 4 per cent, for rivet heads ... ... ... ... 87 », 



Total weight ... ... ... ... 2257 



«« 



2257 
The weight per foot run is -^wv-= 112'85 lbs., which is very 

slightly above the assumed weight of 110 lbs. per lineal foot, 
so that no recalculation is necessary. This longitudinal is 
illustrated on Plate II. 

Cross-Girders or Floor Beams. — The dead load upon the cross- 
girders is the weight of the rails, guard rails, sleepers, and 
longitudinal stringers, also the weight of the cross-girder. It 
will be most convenient to consider both the live and dead load 
as concentrated at the points of attachment of the stringers; 
hence we have the load discharged by each stringer — 

(200 + 118)20 = 6260 lbs. 

Assume that the cross-girder weighs 150 lbs. per foot, 
therefore the load concentrated at the points of attachment of 
the stringers will be, since the cross-girders are 15 feet span — 

^\ X 150 = 825 lbs. 

Therefore the total concentrated dead load is — 

6260 + 825 = 7085 lbs. = 8*16 tons 

To find the maximum live load upon the cross-girders, we 
must find the maximum reaction produced by the engine wheels 

B 
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on the two longitudinal stringers on each side of the cross- 
girder. It can easily be proved that the maximum reaction will 
occur when the sum of the loads on the left of the cross-girder 
is as nearly as possible equal to the sum of the loads on the 
right. Hence with the consolidation engine, Fig. 826, the 
fourth wheel will rest immediately over the cross-girder. Fig. 821. 
The reaction on the middle cross-girder from the loads on 
the left is — 

Ri = 2^(y {4(1-67) + 6(9-75) + 6(15-5)} = 7 tons 

The reaction from the loads on the right is — 

Ea = ^0 {4(3-59) + 4(8-42) + 6(15-5)} = 7*9 tons 

The total reaction which gives the maximum live load on 
the cross-girder is — 

R = Ei-|-Ea + 6 = 7 + 7'9 + 6 = 20-9 tons 

Hence the girder is loaded as shown in Fig. 821. 
The maximum bending moment is — 

24 X 4 = 96 foot-tons 

The working stress may be taken the same as in the longi- 
s^Nnm M/iMw tudiual, viz. 4*5 tons per 

L ,^> J square inch, as the same 

^---i'-*!* y' »*- ^-^ remarks apply here as in 

the longitudinals with re- 



I 



^'®- ^^' gard to impact. 

The total depth should be arranged so as to reduce the 
flange section, and leave room for the attachment of the 
stringers to the web plate direct without packing pieces ; 8 feet 
effective depth will be convenient. 

The moment of resistance is — 

/od = 4-5 X 8 X a = 18'5a 
.'. 18-5a = 96 

.-. a = — — = 7-1 square mches 
18-5 

Hence the flanges may be made in a similar manner to those 
of the longitudinal stringer, but with angles 5 x 3 J x J, thus — 

Two angles 2(8 - |)J = 7-126 square inches 
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Bivets. — ^Assume that the rivets are | of an inch in diameter 
and 4 inches pitch as before, then — 

/./= 4*5 tons per square inch 

which is safe, since the rivets are in doable shear. The pressure 
on the bearing area is — 

i; X 8 X ^ X g = %* 

:.'p = 8*1 tons per square inch 

which is safe for steel. 

ThiclmeM of Web. — It now Iremains to be seen whether the 
web is thick enough to resist buckling. 

The maximum intensity of shearing stress is — 

24 

7- = 1'77 ton per square inch 

8 X 12 X I ^ ^ 

which is safe, according to Mr. Cooper's rule, without stiffeners ; 
the attachment of the stringers will^ however, considerably 
stiffen the web over the 5-feet panels, while the middle panel 
is hardly stressed at all. 

If we apply Bankine's formula, the factor of safety against 
buckling is about 1*7. This factor is very small, but when the 
assumptions are considered upon which the buckling stress is 
calculated it is clear that the factor of safety is understated, and 
therefore the |-inch web may be adopted. 

The weight of the cross-girders may now be calculated — 

72 feet of angles 5 x 3} X ^ at 13*9 lbs. per foot 
15 „ web plate 39i" X r at 50 „ 
4 „ angles to support stringer, at 50 lbs. 



• ■• 


1001 lbs. 


• • • 


750 


w 


• ■ • 


50 


♦» 




1801 


♦» 


* . • 


72 


f« 


. * • 


1873 


ft 



Add 4 per oeni for rivets 

Total weight of cross-girder ... 

or 125 lbs. per foot run, which is considerably below the 
assumed weight of 150 lbs. per foot, so that no recalculation 
is necessary. 

The weight of the stringers and cross-girders per lineal foot 
of truss is 814 lbs. 

The web plate between the stringers may be ifeplaced with 
two angles 8 x 8 x |, as the shearing stress is practically 



244 



Engineering Construction. 



nothing. If this is done, the weight per foot run of trass is 
801 lbs. 

In the cross-girder shown on Plate II., for which the above 
calculation was used, the thickness of the web is increased, as 
the cross-girders act as compression members in the lower 
lateral system of wind bracing. For the same reason the plate 
is retained throughout the web, the central 7 feet not being 
replaced with angles. 

The open deck which we have investigated would not be 
suitable for a bridge over a street in a town, and some form of 
continuous deck would have to be adopted ; this would, however, 
add considerably to the dead load to be carried. 

In the case of a floor of \ plates riveted to the top flanges 
of the cross-girders and longitudinals, if these are used, we should 
have for the plate floor, ballast, sleepers, and rails about 1400 
lbs. per lineal foot of bridge instead of 400 with the American 
deck. 

Sir £. Baker estimates^ the weight of the deck and wind 
bracing for a double-line railway bridge as follows : — 



Table XLIX. 





Dead load per foot nm excloBive of main giiden. 


Span in feet. 










when uiere are two 


Wben tbere are three 


Whan there are four 




main girders. 


main girders. 


main girders. 




cwt. 


cwt. 


cwt. 


10 to 100 


14 


12 


10 


100 to 150 


15 


13 


11 


150 to 200 


16 


14 


12 


200 to 250 


17 


15 


13 


250 to 300 


18 


16 


14 



The weight of the deck in a road bridge is easily estimated 
when the design and live load to be carried is decided upon. 

» " Long Span Bridges," by Sir B. Baker. 



CHAPTER XV. 

WEIGHT OF MAIN TBUSSES AND GIBDEBS. LIVE LOADS UPON BBIDGES. 

In a single-line through bridge of from 100 to 250 feet span 
with an open deck, as shown in Plate 11., the tension members 
consisting of eye-bars with pin connections^ the weight per 
lineal foot may be assumed, for the purposes of calculation, to 
be two and a half times the span in feet for each truss. 

In a double-line the weight of each truss in pounds per 
lineal foot will be about five times the span in feet. 

If the bridge is a deck bridge, carrying the load upon the top 
of the main trusses, with no cross-girders or stringers, the 
weight per lineal foot will be about 120 lbs. less than a through 
bridge of the same span. 

The weights of stringers and cross-girders may generally be 
assumed, for the purposes of calculation, with sufficient accuracy 
after a little experience ; but the following formula, proposed by 
Professor Unwin, may be used both for these girders and the 
main girders constructed of plate webs or lattice bars : — 

Let Wi = the weight of the girder. 

W = the total equivalent uniformly distributed load. 
I = the effective span. 
r = the ratio of span to effective depth, 
c = a constant. 

8 = the intensity of working stress per square inch. 
a = the mean gross area of both booms or flanges in 

square inches. 
Then— 

WZr 

Wi= - — 

C8 — Ir 
To find c from girders of known weight — 
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Examples of this formula are given in connection with the 
design of plate web-girder bridges. 

This formula is based upon the assumption that two-thirds 
the weight of a well-designed girder is in the flanges, and that 
the weight is proportional to its length and the area of the 
central cross-section of the girder. 

The tables on pp. 247, 248 have been compiled from the 
quantities of material in some highway bridges, which have 
been designed to carry a live load of 84 lbs. per square foot 
of deck as well as the traction engine shown in Figs. 822 and 823. 

Live Loads upon Bridges. — In a highway bridge, the greatest 
live load is generally produced by a dense crowd of people, 
which may be taken to weigh about 140 lbs. per square foot. 
Such a dense crowd will rarely ever extend over the whole of the 
bridge excepting in towns, and the live load usually provided is 
somewhat as follows : — 

Table L. 



SfMnlnftet. 


Live load in pounds per square 
foot. 


Oto 30 

30 „ 50 

50 „ 100 

100 „ 200 

200 „ 500 


100 to 120 
90 „ 110 
80 „ 100 
60 „ 80 
40 „ 75 



Mr. Theodore Cooper recommends ^ that for city and subur- 
ban bridges. 

Chuz A, — " A load upon each square foot of floor, including 
foot-walks, of 100 lbs. for all spans up to 100 feet ; of 80 lbs. 
for all spans over 200 feet ; and proportionately for interme- 
diate spans. 

" Or a steam-roller load of 15 tons, arranged as follows : — 
6 tons on forward axle, and 9 tons on rear axle ; axles 11 feet 
apart ; rollers 20 inches wide, the two on forward axle placed 
2 feet 6 inches centre to centre, and the two on rear axle 6 feet 
centre to centre." 

Class B. — '' Bridges liable to the passage of excessive loads 
from quarries or special manufactories. 

I « General Specificationa for Iron and Steel Highway Bridges.*' 



Weight of Main Trusses and Girders. 
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" A load upon each square foot of floor, including foot- walks, 
of 80 lbs. for all spans up to 100 feet ; of 60 lbs. for all spans 
over 200 feet, and proportionately for intermediate spans. 

'' Or a concentrated load of 8 tons on two pairs of wheels, 
8 feet centres." 

Claz% C. — *' Country highway bridges. 

'' The same loads per square foot of floor as for Class B., or 
a concentrated load of 5 tons on two pairs of wheels 8 feet 
centres." 

Figs. 822 and 328 show the wheel loads produced by a traction 
engine, which highway bridges may have to carry, and it should 
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be considered as passing over the bridge close to the kerb for 
stresses in the main girder, and in the centre for the stresses in 
the cross-girders. 

In railway bridges it is the common practice in England to 
estimate the Uve load in tons per foot run, which would produce 
the same stresses as those occurring when the heaviest engines 
and trains are passing over the structure. 

The same practice obtains to a large extent in America, where 
the standard train used consists of two consolidation engines of 
the heaviest type, followed by the heaviest train in use on the line. 

The concentrated-load system consists in finding the position 
of the wheel loads of the two engines and the uniform load 
behind them which produce the maximum stress in the particular 
member of the structure under consideration, and then to calcu- 
late the stress on the member for this position of the wheel loads 
and train. The process is repeated for each member of the 
structure. 

Another system in use in America consists in using the 
uniform train load over the structure, with an engine excess so 
disposed as to produce the maximum stress on the member of 
the structure under consideration. 
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The first and third methods are approximate^ the second is 
exact for the particular engine and train loads assumed. 

The advocates of the concentrated-load system maintain that 
a uniform load, or equal loads concentrated at the panel-points, 
does not represent what actually occurs when two coupled 
engines followed by a train pass over the bridge, and the same 
applies to a less extent with an engine excess. 

The advocates of the uniform load contend that the concen- 
trated-load system is imnecessarily complicated, as it is possible 
to assume such uniformly distributed loads as shall cover the 
maxima stresses which actually occur without producing errors 
which are excessive on the side of safety or danger. Moreover, 
that the actual wheel loads and uniform loads used in calculating 
the stresses may be considerably modified by the use of heavier 
engines and trains, or different wheel spacings, in the future. 

With regard to the uniform-load system. Sir B. Baker ^ 
estimates the equivalent uniform load for heavily engined lines 
as follows : — 

Table LIII. 



Span In feet 



Equivalent uniform load per 
foot ran In tons. 





]0 


3-000 




20 


2-400 




SO 


2100 




60 


1-600 




100 


1-375 




150 


1-250 




200 


1125 




300 


1-000 



The loads given in the foregoing table are not now sufl&cient 
to provide for the traffic on heavily engined lines, although they 
were ample at the time the table was compiled. 

The weight of engines and the trains hauled by them have 
been considerably increased during the last ten years ; the use 
of heavy gradients of 1 in 40 in America and the colonies 
necessitates the use of heavy engines. Figs. 824 and 325 
illustrate two types of consolidation goods engines in use on the 
New South Wales Government Railways, where grades as steep 
as 1 in 30 occur. Fig. 329 shows one of Mr. Cooper's wheel- 
load diagrams known as Glass A, which has been very largely 

» "Short-Span Railway Bridges." 
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used in oalcolating the stresseB on American bridges ; much 
heavier engines are^ however, in use in America. 

Con^diiAaiicm engine$ of» New South Wales Oor}emtnent Batlways. 
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Fig. 32S. 



Fig. 826 represents a diagram of half-engine loads, which 
will be made use of in connection with an example of the con- 
centrated-load system. 

In estimating the equivalent uniform load per foot run for 
the purpose of calculatmg the maxima stresses in a structure, 
due consideration should be given to the probable increase in the 
engine and train loads which may be required to pass over the 
structure in the future. 

Half-engine loads used in tabulations for maxima stresses in example on the concen- 

tratea4oad system. 
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Fig. 326. 






The same uniform load will not generally be suitable for 
both trusses and plate web girders, being slightly greater in the 
former than in the latter. The uniform load producing maxima 
bending moments is generally less than that required to produce 
the maxima shearing stresses. 

This diagram might be still further simplified by using the 
nearest foot in all cases, or by using the first place of decimals 
only in the spacing of the driving wheels. 
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Mr. Theodore Cooper, in the following table, gives the equiva- 
lent uniform loads for the 101 American tons consolidation 
engine (Pig. 327), which is not very different from the New South 
Wales consolidation engine (Fig. 325) ; also for a still heavier 
engine known as the Lehigh Heavy Grade engine (Fig. 328). 
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Fig. 327. 



Lehigh Heavy Grade engine. 
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Table LIV. 



Span in feet. 



Two 101 American 

tons consolidations, 

followed by 3000 lbs. 

1884. 



Two Heavy Qrade 

Lehigbs, followed t^ 

4000 lbs. 1889. 



20 


6190 


8560 


40 


4760 


6690 


60 


4110 


5480 


100 


3910 


4520 


150 


3740 


4760 


200 


3590 


4640 


250 


3480 


4470 


300 


3390 


4290 


400 


3180 


4200 


500 


3150 


4120 




r' — > 




Mr. Cooper specifies for the extra heavy Class A service : — 
Two engines like Fig. 327 
followed by a train of 3000 
pounds per foot run, or 80,000 
pounds equally distributed on 
two pairs of drivers spaced 
7 feet centres, as shown in 
Fig. 329. 

Professor Waddell has prepared the following table of 
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Fig. 329. 
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equivalent uniformly distributed live loads which produce 
practically the same bending moments in plate web girders as 
the concentrated wheel-load diagram shown in Fig. 830 : — 



Table LV. 



Spaa In feet. 



15-0 
17-5 
200 
22-5 
250 
300 



EqniTalent dis- 
tributed load in 
pounds. 



6760 
5407 
5040 
4993 
4804 
4573 



Span in feet. 



35 
40 
45 
50 
55 



Equivalent dis. 




tributed load in 


Span In feet. 


pounds. 


1 


4327 


60 


4164 


70 


3995 


80 


3860 


90 


3726 


100 



Eaulvalent dis- 

trionted load In 

pounds. 



3652 
3490 
3379 
3310 
3226 



He farther recommends that, in order to produce the 
maximum shearing stress, an amount be added to the total 
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distributed load divided by two, which is given by the follow- 
ing formula : — 

W = A + BZ 

where W = the additional load, 2 = the span; A and B are 
constants which, for the engine loads shown in Fig. 830, are 
8000 and 100 respectively. 

Other constants may be determined for different engine 
loads. Some engineers use two different sets of tables, one for 
maxima moments, the other for maxima shears. 

In order to find the maxima reactions of longitudinal girders 
upon the cross-girders. Professor Waddell gives the following 
simple rule, which may be used instead of the method explained 
in the design for a deck of a railway bridge. Chapter XIY., Fig. 
820. Multiply the uniformly distributed live load per foot run 
for a span of two panel lengths by the length of one panel.^ 

Thus for a 20-foot panel the maximum cross-girder reaction 

is — 

4164 X 20 



2240 



= 87-16 tons 



TroM, of the Amer, 8oe, of C,E., February and March, 1892. 
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or 18*68 tons at each point of attachment. With the half- 
engine loads shown in Fig. 326, the equivalent distributed load 
would be 4700 lbs. per ,foot for a span of 40 feet> and the 
reaction is — 

— -^^— = 42 tons (nearly) 

or 21 tons at each point of attachment, agreeing very well with 
the reaction calculated from the wheel concentrations, Fig. 820. 
The rule is, however, strictly true, and is proved thus — 



c^*--< 



\ In Fig. 331 we have R 



w 
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In a girder of length I the central bending moment is — 

2 8 
xvl Z/4Wa;\ 2Wa; _ 

2=iV"p"J="^=^ 

Therefore, as the rule is true for a single load, it is true for 
any summation of loads. 

In simple Pratt trusses, with panel length of 26 feet, Pro- 
fessor Waddell gives the following equivalent distributed loads 
to cover the stresses produced by the engine diagram, Fig. 330. 

Table LVI. 



Spanoftroielnfeet. ! Equivalent dteWbuted led In 



pounds. 



100 
150 
200 
250 
300 



3808 
3215 
3151 
3112 
3085 



In using this table instead of the actual concentrations for 
bending moments, the greatest error on the side of safety occurs 
in the 100-feet truss, and is 4*77 per cent. The greatest error 
on the side of danger is 2*21 per cent. In the shearing stresses, 
the loads given in the table produce stresses the error of which 
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on the side of danger is never above 2^ per cent, and affects the 
heavier members, while the maximum error on the side of safety 
is 12*66 per cent. The safety errors, although the larger, occur 
principaUy in the counterbraces, which is a good thing, because 
of impact and adjustment. 

It appears, therefore, that equivalent uniform loads may be 
so chosen for a structure that the errors in the stresses calcu- 
lated from these loads are not greater than would be provided 
for in the process of designing the various members. 

The concentrated-load system is also used in America, and 
the methods of applying it have been investigated by Mr. 
Theodore Cooper,^ Professors Burr,* Eddy,* and Dubois.* Only 
a brief outline of the method will be given in this work, just 
sufficient to illustrate its application in a common truss bridge 
in the manner explained more fully in the works by the authors 
quoted. 

Concentrated-Load System. — Let Wi, W2, W3 . . .Wn denote a 
series of loads advancing from the right abutment corresponding 
with the loads on the driving wheels of a locomotive. 

Let o^i, a?2, ^ . . . a;„ denote the distances between the loads 
corresponding with the distances between the wheel centres. 

Let Wi, W2, W3 . . . W„i denote the loads which act in the 
panel AB (Wni is not shown in the figure), in which we require 
to find the maximum shearing stress, and let fc', i", i'", etc., 
denote the distances measured from B. The length of the span 




FlO. 332. 

is denoted by I, and the length of each panel by &, so that I = nb. 
The reaction B at the left abutment may be expressed thus — 

* Mr. Theodore Gooper*s " Standard Speciflcatiomi." 

' " Tho Stresses in Bridge and Boof Trusses," by Professor Burr. 
' Paper in the Trans of the Amer. Soe. C.E.^ on ''A Graphical Solution of the 
Concentrated Load Problem," by Professor Eddy. 

* " The Strains in Framed Strootures," by Professor Dubois. 
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W W 

R = -j{Xi + iT^ + . . . + ^v) = -r (a^ + iC3 + . . . + ««) 

W W 

+ y fe + a-, + . . . + a;„) + . . . + -y^(a;„) 

The reaction at A from the loads Wi, W2, W3, etc., actmg in 
the panel AB is — 

"^V + ^V + ^V" + . . . 
boh 

Hence the shear in the panel AB is — 

S = R - 7(Wii' + Wai" + Wai'" + . . .) 
h 

Suppose that the train advances by the distance dx^ and let 
Bi denote the new reaction, then — 

R, = E + (Wi + W2+ . . . +W„)-- 

and the new shear is — 

1 dx 

Si = E, - jy^\h' + W,i" +...)- (W, + Wa +.. Oy 

dcR djc 

/. Si = S + (Wi + W2 + . . . + W^y - (Wi + Wa . . .)-^ 

.•.Si-S=y(Wi + W,+ ... +W„)-.^(^)(Wi + W.+ ...) 

When Si — S = 0, Si will be a maximum, provided that 
Si — S is positive just before it equals zero. 

.-. 7l(Wi + Wa + . . .) = Wi + W2 + . . . + Wn 

Or the maximum shear in any panel will occur when n times 
the moving load which it contains is equal to, or most nearly 
equal to, the total live load on the bridge. We observe that the 
position of the load in the panel is of no consequence, therefore 
we may always consider one of the wheel loads concentrated at 
the panel-point under consideration. 

The above equation enables the position of the wheel loads 
on the bridge to be fixed, and x^ determined for the maximum 
shearing stress. 

We may write the equation of shearing stress in a convenient 
form for tabulation, since — 
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R = ylWia^i + (Wi + W2)X2 + . . . + (Wi + W, + . . . + WJx^} 

and -^ + -J- + -^ + . . . =-{Wia:i + (Wi + WJa^ 

+ . . . +(Wi+ . . . +Wn'-i)e} 

where 6 = the distance between Wn'.i and W„'. 

Hence the general equation of shearing stress may be written 
thus — 

S =-{Wia;i + (Wi + W2)iCa + . . . + (Wi + W2 + . . . + Wn)aj„} 
-^{WiaH+(Wi + W2)a;,+ ... +(Wi + Wa+ ... +Wn'-i)e} 

This equation is most easily solved in any particular case by 
tabulating the wheel loads, leaving only the term involving x^ to 
be added afterwards. The above equations may be shown to 
hold when Wi, W2, W3, etc., advance beyond the panel AB, 

To find the position of the engine and train loads which 
will produce the maximum bending moment in the top and 
bottom chords. 

Let Wn' act at a distance x' in front of A, and let there be n' 
wheel loads between A and X ; then, taking moments about the 
point A, we have — 

M = Er - { Wi(aji + ica + . . . + ic'J + WaCa^ + aJs + • • • + aJ^Ji 

= ylWiOJi + (Wi + Wa)iCa + . . . + (Wi + Wa + . . . + WJa:„} 
- {WiOJi + (Wi + Wa)a^ + . . . + (Wi + Wa + . . . + ^^^\ 
If the loads advance through a distance dx as before — 

Ml = M + j(Wi + Wa + . . . + W„)daj - (Wi + Wa + . . . 

V 

Hence for a maximum Mi — M == 0, and — 

t_ _ W i + W, + . ♦ . + W,' 
I Wi + W2 + . . . + W„ 

If W« act at a panel-point each as B, this ratio mil seldom 

8 
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or never exist exactly, so that Wn' should be considered as that 
portion of a wheel load concentrated at B in order that the above 
ratio may exist exactly, and oi may always be put equal to zero. 
Hence the general equation of moments may be expressed in 
a form suitable for tabulation, thus — 

M = y{Wiaji+(W, +W2)a^+ ... +(Wi+W2+ ... +WJa;„} 
- {WiiCi + (Wi + W2)aj2 +...'+ (Wi + W2 +.. . + W„'-i)e} 

where 6 denotes the distance between W„'.i and Wn^. 

Since at the point where the maximum moment occurs the 
shearing stress is zero, we may write — 

X K 

I - Wi + W2 + . . . + Wn . 

or the distance between the point where the maximum moment 
occurs and the centre of gravity of the load is bisected by the 
centre of the span. The foregoing investigation is general so 
far as the web members are concerned in any truss or girder ; 
but in the case of the chords, they apply^or both top and bottom 
members only in a truss with vertical members. The equations 
may easily be modified so as to include every kind of truss 
with parallel chords.^ 

In the case of a girder with curved booms or chords, such 
as, for instance, a hog-back lattice girder with two systems of web 
bracing and 20 feet panel lengths. It will in general be most 
convenient, for chord stresses, to consider all the panel points 
equally loaded with the equivalent uniform train load, and also 
with four concentrated loads corresponding with the excess of 
the two engines over the train load. The four engine excesses 
may be considered as divided over the two systems of web 
bracing, i,e. two to each, acting one on each side of the chord 
length under consideration. 

For the web stresses, the four concentrations representing 
the locomotive excesses should be considered at the head of the 
train, with the panel points in front unloaded, in a similar 
manner to that explained in Chapter IX. 

» *' Stresses in Bridge and Koof Trusses," by W. H. Burr. 



CHAPTEE XVI. 

TO DESIGN A PLATE WEB-GIBDER DECK BRIDGE FOR A SINGLE LINE 

OP RAILWAY (figs. 883 TO 337). 

The bridge to consist of two main girders, each 42 feet long over 
all, and 40 feet between the centres of bearings on supports 
at end. 

The end supports, or abutments, to be built of brick, with 
stone girder beds under ends of main girders. 

The deck to be of tb"^ open American type, with pine sleepers, 
10 feet long x 8 inches x 8 inches, spaced 16 inches centre to 
centre, with guard rails and timber kerbs as shown in Figs. 333 
to 837. 

The weight of rails to be 75 lbs. per yard. The bridge to 
be designed for ^e consolidation engine shown in Fig. 830, 
which is assumed to be the heaviest on the railway. 

Table LV., on p. 253, shows that the equivalent uniformly 
distributed load is 4164 lbs. per foot run, or 1*86 ton. The 
total live load is therefore — 

1-86 X 40 = 74-4 tons 

Dead load. — The dead load consists of the rails, guard rails, 
kerb, and sleepers, and fastenings, which will weigh 400 lbs. 
per lineal foot,^ and the weight of the main girders and wind 
bracing. 

The dead load, less the weight of the main girders, is — 

400 X 40 = 16,000 lbs. = 7*14 tons 

' With heavier timber for the sleepers this load per foot run will be oorre- 
spondingly increased, as for ironbark sleepers. The guard rail shown in the figures 
is frequently omitted in practice ; it muy, however, be used advantageously as a 
re-railing arrangement by bringing the two rails together at eaoh end of the bridge. 
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The total dead and live load, less the veight of maio 
girders, is — 

74-4 + 7-14 = 81-54 tons 



4 
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The weight of the main girders may be fomid approximately 
from the formula, p. 245. 

WZr 40 

Wi = ,7^^, W = 82 tons, C = 1200, r = -f = 10 

8 = 3'5ri + J^-— ) = 8'6(l + ^ ^of ^>i y= 8-65 tons 
\ max,/ V 2 X 81*54/ 

Take 8 = 8*6 tons per square inch. 

82 X 40 X 10 



= 8-86 tons 




••• 


••• 


15*5 tons. 


••• 


••• 


74D ^ 


••• 


••• 


89-5 „ 


••• 


••• 


2-24 „ 


••• 


••• 


112 „ 



w = — 
' 1200 X 8-6 - 40 X 10 

The total dead load iB therefore 8-36 + 7-14 
The total liye load ••• 

The total live and dead load 

The total Uyo and dead load per foot mn ... 

The total live and dead load on each girder 

The equation of bending moments is — 

y = -56(400 - a?) 

The curve of bending moments may be plotted from this 
equation for different values of x measured from the centre. 
The maximum moment occurs when a; = 0, and is 224 foot-tons. 

The moment of resistance is — 

8*6 X 4 X a = 14'4a 

a = -—- =15*6 square inches 
14'4 ^ 

Adopting two angles 4^ x 4^ x | = 9*44 square inches in 
tension, we have left 6*16 square inches to be made up by the 
cover-plate. Hence we may use a plate 12 inches wide by | 
inch thick, making the total area in tension 16 square inches. 

We may plot the moments of resistance of the angles and 
plate on the bending-moment diagram, and find the length of 
the top plate ; or we may find where the bending moment equals 
the moment of resistance of the angles from the equation of 
moments. 

A slightly longer length should be given to the plate than 
obtained by either of the foregoing methods, and we may adopt 
18 feet as the length from the centre, or a total length of 
26 feet. As this length may be obtained in one piece, no cover 
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will be necessary, excepting for shipment, in which case it will 
be more convenient to have a single cover with the rivets in 
single shear ; therefore a length of 5 feet will be sufficient, with 
\ rivets, 8 inches pitch. 

The compression flange should be made similar to the 
tension flange ; the excess in area will give extra lateral stifiEness. 

Shearing Stress. — The maximum shearing stress occurs at 
the ends, and is half the total load, or 22*6 tons. The shearing 
stress per foot run horizontally and vertically is — 

— — = 5-625 tons 
4 

Assume that the web is f inch thick, and apply Mr. 
Theodore Cooper's rule for the safe intensity of working stress 
per square inch — 

12,000 12,000 -o^mi, AQQ4 

= — — -• ■ = 1857 lbs. = 0-88 ton 



H^ - . 128^ 

1 + 1 H 

^ 3000 8000 

48 

The actual shearing stress per square inch in the section 
provided in the web is — 

5-625 

= 1-02 ton 



12x1 

Hence the web may be used with stififeners as shown in Fig. 833. 
Let n = the number of rivets f inch diameter per foot run 
uniting the angles with the web ; then, since the rivets are in 
double shear — 

l-75» X 0-44 X 3-6 = 1-625 

.-. n = about 2, or 6 inches pitch. 

The pressure on the bearing area will be excessive with this 
pitch. 

Let the pitch be 8 inches, or 4 rivets per foot, then — 

4x|xfX2) = 5-5 .-.I? = 4-9 tons 

Hence \ rivets, 3 inches pitch, may be adopted at the ends. 
Since there are 8 rivets per foot in the flanges in single shear, 
it is clear that they need not be further considered. 
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The pitch of the rivets need not be made 8 inches throughout 
excepting in the angle wrappers, and in the cover-plate of the 
flange, if the latter is used. 

The maximum shearing stress at a distance of 10*5 feet 
from the centre is — 

A.QQ 0*93 

s = l*94aj + -^{x + Wf = 1-94 x 10*5 + — (30*5)* 

= 12*85 tons 

The maximum shear per foot is — 

12-85 ^ -, . 
= 8*21 tons 



Comparing this value with the corresponding value of the 
shearing stress at the ends, we see that | rivets, 6 inches pitch, 
may be used in the central half of the girder. The web plate 
may be reduced to -^ in the central 14 feet of the girder, but 
it will be better in this case to make the thickness uniform 
throughout, as the extra strength in the centre will fully com- 
pensate for the slight saving in the -j^-inch plate. 

The web may be conveniently jointed in the centre, and at 
distances of 10 feet 6 inches on either side of the centre, and 
the stififners may be spaced conve niently so as to act as covers 
to the web joints. 

The joints in the angle irons may be conveniently arrajiged 
in the centre for shipment or carriage in two sections. The 
length of the wrappers and number of rivets are similar to 
Fig. 267, Chapter XIII. 

Lateral System. — The girders must be braced together 
laterally, so as to resist vibrations caused by rolling loads; 
the dimensions of the frames which occur at the ends, and the 
three intermediate points where the web plate is jointed, are 
more a matter of judgment than calculation. 

The horizontal reactions at the ends of the girders are for 
a wind pressure on the girders and train of 459 lbs. per 
lineal foot.^ 

:^^-p^ X 9639 lbs. = 4-8 tons 

^ The wiDd pressure on the exposed area of the bridge and on the train will be 
about 459 lbs. per foot run for a pressure of 30 lbs. per square foot. 
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Only one tie-rod in each bay will be in action at a time, so 
that the stress in the tie-rods of end bays is equal to the 
reaction resolved aldbg the bar, to which must be added about 
1 ton for initial tension. The total stress is therefore about 
8*4 tons. 

Taking the working stress at 7 tons per square inch, we 
require — 

— = 1*2 square inch 

The rods shown in Fig. 887 are not upset at the ends, so 
that they must be made IJ^ inch in diameter ; at the bottom 
of the thread the diameter is 1*28 inch. 

It may be shown that tie-rods 1^ inch in diameter will be 
sufficient for the other bays. 

The main girders are fixed at one end and allowed to expand 
at the other, a gun-metal plate being provided to slide upon 
a planed cast-iron surface, as shown in the detail, Fig. 886. 
At the fixed end the cast-iron bed-plate is used with an iron 
bearing plate. The area of the cast-iron plate bearing on the 
abutments is 4*6 square feet, so that the pressure per square 
foot is about 5 tons. The pressure per square foot on good 
sandstone may be 12 tons, and on good brickwork 4 tons. 

The weight of the girders and bracing may now be calcu- 
lated. 
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Tabt.e LVII. 


Lineal feet 






I>e8ciiption. 


Weight in 
Unealfoot. 

17-45 


Weight in 
pounds. 


Angle iron in flangea, 4 x 42 ft. of 4^" X 4^" X f " 


168 


2932 


„ „ at ends, 4 x 4* ft.of 3J" x 3J" X f" 


17* 


8-3 


144 


„ „ wrappers (doubleX 3i" x 3J" x \"„. 


12 


8*3 


100 


Flange plates, 13' x 12" x f" 


26 


250 


650 


Web plate, 42' X 4' 5" x r 


42 


66-3 


2785 


End plates, 4' 5" X 10" X i" 


8-9 


12-5 


112 


■^;^^c^Vf« ""} 26' X 4' 4" X 6" X 3" X t ... 


113 


108 


1220 
7948 


Add 4 per cent for rivets 






318 


Total weight of one girder 






8256 


„ „ two girders 






16512 
= 7-88 tons. 


TranroeTW bracing. 








5 frames oontainine 29 feet of L iron 3" x 3" x t 
20 plates f in. thick at 20 lbs. each 


145 


7-0 


1015 


20 


20-0 


400 


99 8 99 99 * 99 99 ••• ••• 


5 


40 


20 


4 tie-rods, 13*5 feet long by 1} in. diameter ... 


54 


5-9 


319 


4 „ 13-5 feet „ by 1} in. 


54 


4-1 


521 


6 doable and 4 single bent attachment plates, 1 
each 3 feet long by | inch j 


24 


12-5 


300 


16 nuts and washers for U-inoh To^ls 

Jo ,, 99 99 1* 99 99 .•• .*. 


16 


2} 


36 


16 


U 


20 


Total weight of bracing 






2681 


1 






= 1-31 ton. 



Total weight of two girders and bracing = 8*51 tons. If 
the top flange plate is in two lengths, we shall have a total 
weight of 8'74 tons. 

The details of attachment of the wind bracing rods is shown 
in Fig. 887. The remaining details are simple, and need not 
be farther illustrated. This is a most economical form of 
girder for railway traffic up to spans of 60 feet. 



CHAPTER XVII. 

TO DESIGN A WROUGHT-IRON PLATE WEB GIBDEB BBIDGE FOB A 

DOUBLE LINE OF BAILWAY. 

Description (see Plate I.). — The bridge to consist of two main 
girders 70 feet long over all, 66 feet between centres of bearings 
on piers or abutments, 26 feet wide between centres of main 
girders. 

Gross-girders to be spaced 5 feet 4 inches centre to centre, 
and longitudinal stringers arranged mider each rail. Cambered 
iron plates, f inch thick, to be riveted to top flanges of longi- 
tudinals and to angle irons on main girders, forming a con- 
tinuous floor, upon which are laid the ballast rails and sleepers 
as a loose road. The main girders to be fixed at one end and 
allowed to expand at the other. 

The longitudinal stringers should be first designed thus : — 
The permanent load on longitudinals consists of the weight 
of rails, guard rails, sleepers, fastenings, ballast, iron plates, 
and the weight of the longitudinal itself. The permanent load 
will vary with the weights of the materials used in the permanent 
way ; with ordinary creosoted larch sleepers, 9" 6" x 10" x 5", 
and rails 80 lbs. per yard, chairs and fastenings, guard rail, etc., 
it will weigh 190 lbs. per lineal foot for each line of way, or 380 
lbs. per lineal foot for the two lines of way. Ironbark sleepers 
weighing 240 lbs. each without chairs, with the rails and 
fastenings as before, would weigh 404 lbs. per foot. Adopting 
the former weight, we have — 

Permanent way ... ... ... ... 380 lbs. per foot. 



Cambered plates, 21 square feet per foot at 15 lbs. \ 
per square foot ... ... ... .../ 

BaUast averaging 4 inches deep at 93 Ibe. per cubic foot 651 



»» »» 



»» »» 



Total load exclusive of weight of longitudinals ...1346 „ ,, 



Pl 



PLATE I. 

Expansion End 

SECTION ATEr Et*w«TlOM 
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Load on each longitudinal = = 1795 lbs. = 0*8 ton 

Live Load on Each Longitudinal. — This will consist of half the 
greatest load on a pair of driving wheels, which will be assumed 
as 18 tons ; since the load of 9 tons may be in the centre of the 
longitudinal, we have the equivalent distributed live load 18 tons, 
or a total load of 18*8 tons exclusive of the weight of the 
longitudinal. 

To calculate the weight of the longitudinal, we may use the 
formula — 



c« — Iv 



c may be taken at 1500 ; 8 must be taken low, on account of 
impact and range of stress. Mr. Theodore Cooper allows 8000 
lbs. per square inch. 

The depth may be made one foot effective — 

^, 18-8 X 5-3 X 5-3 ^. _ , 

Wi = = '096 ton 

' 1500 X 3-5 -6-3 X 5-3 

The total load = 18*8 + 0*096 = 18*896 tons, say 18*9 

Shearing-Stress. — The maximum shear at each end is — 

lS-9 ^,,^ 
— — = 9*45 tons 

Bivets. — ^Let n = number of rivets per foot run. Assume 
the diameter to be | inch, area 0*44 square inch. Then — 

9-45 = nx 1-75 X 0*44 x 3*5 
/. n = 3*5, or 3 inches pitch 

Assume the thickness of the web | inch, and let p denote the 
pressure per square inch on the bearing area ; then — 

2>x|x|x4 = 9*45 
p = 8*4 tons 

This pressure may be allowed, although some engineers 
would consider it excessive, in which case ^ of an inch diameter 
may be used. 

Intensity of Shearing Stress in Web. — The sectional area of 
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one foot in length of the web^ horizontally or vertically, through 
a line of rivets is — 

(12 - 4 X i)| = 3*8 square inches 

9*45 
The shearing stress on this line = ^ ^ 

3-8 

= 2*9 tons per square inch 

By applying Mr. Cooper's formula,^ we can show that the 
safe intensity of shearing stress may be 4 tons per square inch ; 
or applying Bankine's formula for buckling, we obtain a factor 
of safety of 6 ; hence the thickness of web may be f inch. 

Bending moment — 

WZ 18*9 X 5*8 ^.^. .. 

-— = =12*5 foot-tons 

8 8 

Moment of resistance — 

fad = 3*5 X a X 1 = 8*5a foot-tons 
.-. 8*5a = 12*5 

a = 8*6 square inches 

The area of two angle irons, 4" x 4" x f", is 3*75 square 
inches in tension, and 5*25 inches in compression. The elevation 
and the section of the girder is shown on Plate I. 

The weight may now be calculated. 

26 feet of L iron at 9-2 lbs. per foot 239*0 lbs. 

5*3 feet of web 15 inchoB by | inch ... ... 103*5 „ 

342-5 
Add 5 per cent, for rivets ... ... ... 17*1 „ 

Total weight of longitudinal ... ... 359*6 lbs. = 0-16 ton. 

The calculated weight was 0*096 ; the difference is due partly 
to the angle irons at ends being carried down for attachment to 
the cross-girders. It will not be necessary to recalculate. 

The total dead load on the longitudinal is — 

0*8 + 0*15 = 0-95 ton 

Cross-Oirders.— The dead load will consist of 0*95 ton con- 
centrated at four points immediately under the rails, and also of 
the weight of the cross-girder. 

' p. 240. 
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The maximum reactions of the longitudinal girders upon the 
cross-girder will be taken at 9 tons, which will not be exceeded 
when a mogul or consolidation engine, with 12 tons upon each 
axle, passes over the bridge. 

The bending moment with the four lines loaded with the live 
and dead load, viz. 9*95 at each of four points, say 10 tons, is — 

20 X 10 - 10 X 5 = 150 foot-tons 

The equivalent uniform load per foot run is therefore — 

?rP w X 26^ ^ ^^ 

— r = = 150 

8 8 

/. w = 1*77 tons, say 1*8 ton 

The depth of the cross-girder may be made ^ of the span, 
and the same unit stress taken as in the longitudinals, viz. 
8*5 tons per square inch. The weight of the cross-girder is — 

1-8 X 26 X 26 X 12 ^ ^ ^ 

= 2*9 tons 



1500 X 3-5 - 26 X 12 



This load may be included in the load concentrated at the 
four points by adding 0*6 tons to each, making a total of — 

4 X 10-6 = 42-4 tons 

The maximum shearing stress at the end of the cross-girder 
is 21*2 tons. 

The shear per foot — 

21-2 



2-16 



= 9*8 tons 



Assume that the rivets through the angles uniting the flanges 
to the web are \ inch diameter, and 0*6 square inch in area. 
Each rivet will resist, since it is in double shear — 

1-75 X 8-5 X 0-6 = 8-675 tons 
Let n = the number of rivets required per foot run, then — 

8-675W = 9-8 
/. n = 8 nearly 
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Assume that the thickness of the web is \ inch. The pressure 
on the bearing area is — 

/. 'p = 7*46 tons 

Hence |-inch rivets, 4 inches pitch, may be adopted. 
The intensity of shearing stress on the web per square inch 
is — 

9-8 



(12 - 3 X \)\ 



= about 2 tons 



It can be shown, by applying Cooper's or Eankine's formulse, 
that there is no danger of buckling the web. 

The maximum shear at the centre of the cross-girder occurs 
when one line only is loaded with the live load ; thus — 

Maximum shear at centre = 16 — 21 '2= — 5*2 tons 

5-2 



2-16 



= 2*4 tons per foot 



Using ^-inch plate, the thinnest allowable in bridge-work, 
it can be shown, as before, that the pressure on the bearing area 
is moderate, and that there is no danger of the web buckling. 

In a similar manner, it can be shown that a |-inch plate 
between the longitudinals is sufficient. 

Bending Moments. — The ordinates of the bending-moment 
polygon at the points of application of the longitudinals on each 
side of the centre of the cross-girder can be shown to be 106 
and 159 foot-tons respectively. 

Moment of resistance — 

3-5A X 2-16 = 159 
7-56A = 159 
/. A = 21 square inches 

The angles uniting the flanges to the web may be 3^" x 3^" 
X i", having an area in tension of say 5 square inches. The 
plates may be 16 inches wide, hence one plate \ inch thick and 
one \ inch thick may be shown to be sufficient. The |-inch 
plate should be on the outside, giving a total area in tension of 
21*03 square inches; and the f-inch plate need not be made 
more than 18 feet long. The moments of resistance of the 
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angles and plates^ 7'56a, should be plotted to the same scale 
as the bending moments, and the length of the top plate may 
be scaled off the diagram. 

The compression flange should be made similar to the tension 
flange. The weight of the cross-girder may now be calculated. 

Two flange plates, each 26^ x 16" x }" at 26*6 lUe. per foot 1383*2 lbs. 

„ „ 18' X 16" X \" at 33*3 „ „ 1198*8 „ 

Web, 10' X 2' 5" X J" at 48-3 Ibe. per foot 483*0 „ 

„ 10' X 2* 5" X r at 36*3 „ „ 3630 „ 

„ 6' X 2' 5" X A" at 30*2 „ „ 181*2 „ 

Angle iron, 113' x 3i" X 3i" x \" at 10*8 lbs. per foot 1220*4 „ 

4829*6 
Add 5 per cent, for rivets ... ... ... 241*4 „ 



Total weight of cross-girder ... ... ... 5071 lbs. = 2*26 tons. 

The calculated weight was 2*9 tons, which* is in excess, as it 
should be, so that no recalculation is necessary. 

Main Girders. Bead Load. — The dead load consists of the 
cross and longitudinal girders, deck, ballast, sleepers, etc., as 
well as the weight of the main girder itself. 

11 croes-girders at 2*26 tons each... ... ... ... 24*86 tons. 

44 longitudinal stringers, allowing for 8 at ends resting partly 

on the end cross-girders, at 016 ton each ... ... 7*04 „ 

Deck = 44 times the load on stringers, at 0*9 ton ... ... 39*60 „ 



Total dead load exclusive of the weight of the main girders ... 71*50 



»» 



Live Load. — This will generally consist of one complete 
engine and tender. We will assume in this example that the 
equivalent uniformly distributed live load is 1*5 ton per foot 
run. This will fairly represent English traffic, but will be too 
small for American and colonial traffic. 

66 X 1*5 = 99 tons on each line of way 

The total dead and live load exclusive of the weight of the 
main girders is — 

198 + 71-5 = 269-5 tons, say 270 tons 
The weight of the main girders is approximately — ■ 

270 X 66 X 12 



1700 X 4 - 66 X 12 



= 35'5 tons 
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The effective depth =1^^ = ^'6 feet, and « = 4 tons per 
square inch. 

The total load is therefore 305 tons, or 152*5 tons on each 
girder. 

The intensity of working stress per square inch may be 
found from the formula — 



53-5 



4 tons per square inch will be adopted. 

Bivets. — The maximum shearing stress at ends is 76*3 tons, 

76"S 
or —^ = 13*9 tons per foot horizontally and vertically. 

It can easily be shown that 1-inch rivets, 4 inches pitch, will 
be necessary. Even with this size the pressure on the bearing 
area is 7*4 tons per square inch with a |-inch web and a single 
row of rivets. 

The dead load per foot run is — 



53-5 
66 



= 0-81 ton 



Shearing Stress. — The equation of shearing stress is — 
8 ^.ii\x + ^(c + x)^ = O'Slx + ,^(33 + xf 



4c 
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It will be convenient to tabulate the results obtained by 
substituting a? = 5' 4", 10' 8", etc., in this equation. 





Table 


LVIII. 

SB. 




X. 


9. 


5-7 
10-3 
160 


12-40 
20% 
30-36 
40-16 


21-3 
26-7 
330 


50-75 
6215 
7630 



The maximum intensity of shearing stress at the ends, with 
a web plate | inch thick on the gross section, is — 

— — ^ = 1*85 ton per square inch nearly 

12 X o 
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The safe intensity by Cooper's rule is — 

JMOO . = IMOO = 2605 lbs. 

^— 1 /65y 

"^8000 ^"^SOOOV t ) 

Hence stiffeners must be introdaced in order to shorten the 

elementary columns into which the web is assumed to be 

divided. Let the stiffeners be spaced every 32 inches horizon- 

tally^ at the attachment of cross-girders and midway between 

them, in which case the horizontal distance between the centres 

30 
of rivets in stiffeners is 30 inches ; and therefore H = — = 48, 

and the safe intensity of stress by Cooper's rule is 6787 lbs., or 
about 8 tons. 

Rankine's rule for the buckling stress gives 

= 6*3 tons per square inch nearly ; hence the factor of safety 
against buckling is — 

= 3*4 

1-85 

Hence the | web may be adopted at the ends. 

Assume that the web is ^ inch thick in the second bay from 

11'3 
the end, then the intensity of shearing stress is 01 = 1*9; 

the pressure on the bearing area of the rivets is 7'5 tons per 
square inch. 

Cooper's rule gives for the web 5454 lbs., as the safe in- 
tensity of shearing stress per square inch ; hence i inch may 
be adopted. 

In a similar manner it may be shown that the other thick- 
ness shown on Plate I. may be adopted. 

The equation of bending moments is — 

y = 1-16(38^ - ar^) = 1-16(1089 - v?) 
We may tabulate the moments and stresses as follows : — 
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Table LIX. 



JC. 


y- 


Straesln 
tons. 


Area re- 
quired in 
■qnare 
inches. 


Section provided. 


Are* pro- 
▼idedtn 
tensioD. 



5 
10 
15 
20 
25 
30 
33 


1263 

1234 

1148 

1002 

799 

538 

219 


230 
224 
209 
182 
145 
98 
39 


57-5 
560 
52-2 
45-5 
36-4 
24-5 
9-8 


5 plates 24" X J", 2 angles 4" x 4" x J" 

* 

4 „ 24"xr*2 „ 4"x4"xr 
3 „ 24" X i", 2 „ 4" X 4" X i" 
3 „ 24" X i", 2 „ 4" X 4" X i" 
2 „ 24" X \'\ 2 „ 4" X 4" X J" 
1 „ 24"xi",2 „ 4"x4"xr 


60-25 

49-25 
38-40 
38-40 
27-25 
16-25 



The bending moments and moments of resistance may now 
be plotted as in Fig. 888. 
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The moment of resistance of the angle irons in tension is— 
5*25 X 4 X 5'5 = 115'5 foot-tons 

The moment of resistance of each plate in tension is — 
(24 - 2)i X 4 X 5-5 = 242 foot-tons 

The details of the bridge are sufficiently illustrated in Plate I. 
The design of the group joints in the booms, and angle wrappers, 
have been fully considered in Chapter XIII. 

The weight of the girder may now be found. 
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Table LX. 



Booms, 
5347 feet of plates in top and bottom booms, including \ 

top eovers 2' wide by J" thick / 

56 feet of plates in inside cover strips 7" x i 
2x5' 5" X 2' X f = 11 feet, end plates 
280 feet of angle iron, 4" x 4" x i" 



I It 



n 



at ends, 3" X 3" x J 



22 

12 „ „ in covers, 3i" x 3*'' x l" 

9 corner covers at ends, at 4 lbs. each 



Weh. 



161 feet of web plate, 5' 5" X A = 57*7 
211 „ „ 5' 5" X t = 115-4 



feet 



u 



»» 



»* 



»» 



lOJ „ „ 5'5"xA= 57-7 

m „ „ 5' 5" X i = 57-7 

16 „ „ 5' 5" X t = 86 5 

247 feet angle iron in stiffeners, 3" X 3" x t" 

13 plates in stiffeners, 5' 5" x 11 X ^ = 715 feet ... 

13 „ ,« oOXoX']^^ 3" „ ... 

120 feet of angle iron in bent plate attachment, 



3" X 8" X r 

Add 5 per cent for rivets 
Total weight of one main girder 



nt, I 



Weight in 
ponndB per 
Hneal foot. 



400 

11-7 

30-0 

12-5 

9-2 

70 



12-5 
15-0 
17-5 
200 
250 

70 
11-5 

8-4 

7-0 



Weight in pounds. 



21,388 

655-2 

3300 

3,500 

202-4 

84-0 

320 



7213 
1,7310 
1,009-8 
1,1540 
2,162-5 
1,729-0 
822-0 
3276 

840-0 



36,688-8 
1,834-4 

38,523-2 
: 17-2 tons. 



Total weight of two main girders = 34*4 tons. The approxi- 
mate weight assumed in the calculations was 35*5 tons, so that 
no recalculation is necessary. 

The weight of the flanges in one girder is 26,191 pounds, 
and of the web 10,497 pounds ; so that more than § of the 
total weight is in the flanges. 

The main girders may be riveted up in two lengths, leaving 
the rivets in the central covers and web joint to be put in on the 
site. There would be no difficulty in introducing two more joints 
in the angle wrappers similar to the central joint, in which case 
the girder could be riveted up in four lengths, leaving the rivets 
in the three group joints, in the covers, and in the three web 
joints to be put in on the site. 



CHAPTER XVIII. 

EXAMPLE OF THE DESIGN OF A STEEL AMERICAN TRUSS BRIDGE, 
WITH PIN CONNECTIONS, FOR A SINGLE LINE OF RAILWAY. 

The order of procedure which should be followed in the design 
of a bridge of this class is to first consider the deck and the 
floor beams in the manner explained in Chapter XIY. The deck 
and floor beams designed in Chapter XIY. will be used in this 
bridge. The panel loads due to the weight of the structure 
should next be determined inthemanner explained in Chapter XV., 
and a skeleton diagram prepared for calculating the stresses due 
to the dead load of the structure, and those due to the live load. 
In this bridge the concentrated-load system explained in 
Chapter XY. will be used to determine the stresses due to the 
live load. The total maximum stresses should be then deter- 
mined and written on the skeleton diagram of the truss, from 
which the sectional areas of the various members and the 
details of construction may be provisionally considered, to be 
afterwards reconsidered in regard to the additional stresses due 
to wind. 

It will probably be most convenient in this example to 
describe briefly the bridge as actually designed before con- 
sidering the stresses, in order that the functions of the various 
members may be more clearly understood. 

Fig. 839 shows a skeleton diagram of half a span of the 
bridge in isometric projection, with the names of the various 
members written on the diagram ; and Plate II. shows the 
details of the truss, with the more important joints and con- 
nections. 

It will be seen, by referring to Plate II., that the two trusses 
forming one span are 180 feet between centres of bearings on 
the supports or piers, and are spaced 16 feet apart from centre 
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to centre. The effective depth of the truss is 26 feet, measured 
between the centres of the pins in the top and bottom chords. 
The bottom chord, hip verticals, and the diagonal members of 
the web are constructed with eye-bars of the form shown in 
Fig. 278. The top chord and batter braces are constructed in 

Tip Ckmni 
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the form of an inverted- trough section, with the material con- 
centrated as much as possible equally on each side of the line 
passing through the centres of the pins. The top flange plate 
is 18 inches by | inch throughout, and the vertical plates are 18 
inches deep, united to the flange plates with angles. The 
vertical plates are stiffened at the bottom with angles, and laced 
with bars inclined at 60 degrees. The joints in the top chord 
are planed so as to butt truly, the covers and rivets being merely 
necessary to hold the pieces in position until they are per- 
manently fixed by the pins ; reinforcing plates are also used for 
limiting the pressure on the bearing area of the pins. These 
joints occur at a distance of eight inches from the centre of the 
pins in each panel, excepting at the top hips, where the joint is 
made at the intersection of the top chord and batter brace, 
passing also through the centre of the pin, extra reinforcing 
plates and cover-plates being used as shown in Plate II. 

The pins are 4| inches in diameter excepting at the 
hips, and joints in the bottom chord, where they are 5^ inches 
in diameter. 

The vertical members of the web, or compression posts, 
are constructed with two channel bars arranged back to back, 
10 inches apart, and laced on each side with bars inclined at 
60 degrees. The vertical members butt against the lower 
portion of the top chord, and are connected to the chord by 
means of plates \ inch thick, through which pass the pins. 
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The deck, longitudinal, and cross floor beams are shown on plate 
II., and have been fully considered in Chapter XI Y. The cross 
floor beams are riveted to the vertical members above the pins 
in the bottom chord, and the web is made extra thick in order 
to resist the wind stresses developed in the bottom lateral system 
of wind bracing, in which the cross floor beams act as struts. 
There is a top and bottom system of wind bracing shown in 
Plate II., Figs. 2 and 8, in which the tension members are pro- 
vided with union screws for putting them in initial tension. 
The compression members in the top system consist of double 
angles, and in the bottom system of the cross floor beams, ex- 
cepting at the ends of the truss and at the hip, where double 
channel bar struts are used similar in construction to the 
vertical compression posts. 

The vertical sway bracing is shown in Figs. 4 and 5, and 
consists of a horizontal strut formed with double angle bars, 
with diagonal vibration rods, provided with union screws for 
initial tension. The portal bracing lies in the plane of the 
batter braces, and is constructed in a similar manner to the 
sway bracing, but with larger struts and vibration rods. The 
wind pressure may reverse the stresses in the eye-bars of the 
bottom chord, so that a double channel-iron strut is used 
throughout the length of the chord, which is designed to 
resist the excess of the compressive stress due to wind over the 
tensile stress due to the dead load. 

The trusses are provided with saddle bearings at each end, 
with expansion rollers at one end.^ 

Plate II. should be carefully studied by the student, and the 
function of each member of the truss, and details of joints and 
connections, thoroughly understood before commencing the detail 
calculations. 

Let u'l denote the load acting at each panel-point of the top 
chord ; then, as explained in Chapter XV., 

u\ = -r T- X 20 = 4500 lbs. = 2-1 tons 

2x2 

Let v)i denote the load acting at each panel-point of the 
bottom chord, including the half-panel load of the truss, the 
dead load of the deck discharged by the cross floor beams, which 

* The expansion rollers used were designed by Mr. J. A. MacDonald, M.InstG.E. 
Engineer for Bridges, N.S. Wales, and have been used extensively in Australia. 
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will be about 200 lbs. per foot for the deck, and 178 lbs. for the 
weight of the longitudhials and cross floor beams, thus — 

w^ = f-Y^ + ^^^ + 20o|20 = 11,960 lbs. = 5-4 tons 

tan e = 0-769 
sec d = 1-26 

Wx + i(;2 = 7*5 tons 

The live load is carried on the bottom chord ; the vertical 
members are in compression, and the inclined members of the 
web in tension. The dotted lines indicate the counterbraces. 

The tabulation for the half-engine loads for two locomotives 
as shown in Fig. 826 is given in Table No. LXL, and with the aid 
of this table there is no difficulty in finding the position of the 
engines and the train when the maximum shearing stress occurs. 
In this case the maximum shearing stress in any panel will 
occur when nine times the load on it is as nearly as possible equal 
to, and not less than, the total load on the bridge. In panel 
11-8, for example, the leading wheel Wi advancing from the 
right must be at the point 11, whUe in panel 14-6 the first 
driving wheel W2 must be at the point 14. 

Table LXI. 



Nnmber of 

wheels on the 

bridge n* 



ToUl load on 

the bridge, 

W, + Wa + 



4 
10 
16 
22 
28 
32 
36 



DlBtance 

between the 

centres of 

wheels. 



8-08 
5-75 
4-50 
4-50 
7-08 
4-83 
5-67 



Total distances 
measaredfrom 
the first or 
leading wheel 
•1 +2 + • • 



40 


4-83 


44 


9-00 


48 


8-08 


54 


5-75 


60 


4-50 


66 


4-50 


72 


7-08 


76 


4-83 


80 


5-67 


84 


4-83 


88 


4-00 



8-08 
13-83 
18-33 
22-83 
29-91 
34-74 
40-41 
4524 
54 24 
62-32 
68 07 
72-57 
7707 
84-15 
88-98 
94-65 
99*48 
103-48 



Product of the load 
on each wheel In- 
to the distance 
from the next fol* 
lowing wheel. 



32-32 
57-50 
72-00 
99-00 
198-24 
154-56 
204-12 
193-20 
396-00 
887-84 
310-50 
270-00 
297-00 
50976 
367-08 
453-60 
405-72 
35200 



Sum of the pro- 
ducts of the loads 
npon each wheel 
multiplied by the 
distances between 
the wheels 

Wi» + (Wi + 
W^)a>2 + . . . + 
1 + WjH- ■ ■ •+ 
W«)ap„. 



^] 



32-32 

89-82 

161-82 

260-82 

459-06 

613-62 

817-74 

1010-94 

1406-94 

179478 

2105-28 

2375-28 

2672-28 

318204 

3549-12 

4002-72 

4408-44 

4760-44 
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The position of the wheel loads producing the maximmn 
shearing stress in the Tarious panels of the truss is shown in 
the following table : — 



Table LXIL 





Number of engine 
wheel at the right 








Fuel. 


Total loed on the tniM Jn tons. 


n. 


OBm. 




of panel. 
W, at 11 








11-8 


22 


4 


1-67 


12-7 


W, „ 12 


36 


7 


5-26 


13-6 


W, „ 18 


60 


12 


.0H)1 


14-5 


W, „ 14 


76 


16 


3-93 


15-4 


W, „ 15 


88 + 0-75(1 0-35) 


Uniform load. 


5175 


16-3 


W. „ 16 


88 + 0-75(30-35) 


n 


15-175 


17-2 


W, „ 17 


88 + 0-75(50-35) 


♦» 


25175 


1-2 


W, „ 18 


88 + 0-75(70 35) 


♦• 


35175 



The maximum shearing stresses in the panels due to the 
position of the loads indicated in the above table are — 





Table LXIIL 




Panel. 


-7 (Wi«i + (W,M- W8>2 + . . . +CWi + W2 + . . . + W.K} 
- -jtWiaJi +(W, + Wa>2 + . . . +(W, + Wj + . . . + W», - i)«} 


Shear in tous 


11-8 


^^{22(1-67) + 161-82} 


110 


12-7 


ji^{86(5-26) + 613-62} 


4-46 


13-6 


1 32 *52 
-{60(001) + 2105-28} - ^- 


10*08 


14-5 


1 *12 S2 

^g^{76(3-93) + 318204} - ^^ 


17 70 


15-4 


1 f^9*82 
-^{88(10-35) + 0-75(10-35X5-175) + 4760-44} ^ 


27-24 


16-3 


1 89*82 
-g^j{88(30-85) +0-75(30-35X15l75) + 4760-44} - ^ 


38-71 


17-2 


1 8Q 89 

— {88(50-35) + 0-75(50-35X25175)-|- 4760-44} - — - 


51-85 


1-2 


1 8^*82 
—{88(70-35) + 0-75(70 35X35-175) + 4760-44} - -^ 
loU 20 


66-66 



The stresses in the incHned bars may be found by combining 
the shear in the panel due to live load with that due to the dead 
load, and multiplying by sec 0. 
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Table LXIV. 



Inclined b«rB. 



13-6 and 16-5 



14-5 
15-4 
16-3 
17-2 
1-2 



15-6 
14-7 
13-8 
12-9 
10-9 



Maximum shearing atresa due 
to live and dead load in tona. 



(10-08)1-26 
(17-70)l-26 
(27-24 + 7'5)l-26 
(88-71 + 16-0)l-26 
(51-85 + 22-5)l-26 
- (66-66 4- 30-0)1-26 



Total. 



+ 
+ 
4- 
4- 
+ 



12-7 

22-3 

43-77 

67-67 

93-68 



- 121-79 



The stresses in all the vertical bars, excepting 11-9 and 
18-2, may be written down in a similar manner, thus — 



Table LXV. 



Vertical bars. 


Maximum shearing stress due 
to live and dead loads in tons. 


Total. 


15-5 and 14-6 

16-4 „ ia-7 

17-3 „ 12-8 


17-70 + 2-1 
27-24 4- 5-4 4- 4-2 
38-71 4- 10-8 4- 6-3 


- 19-81 
-36-84 

- 55-81 



The maximum stress in the bars 11-9 and 18-2 will occur 
when the reaction at the cross-girder is a maximum, and this, 
we have seen in Chapter XIV., is + 20*9 tons for the live load, 
and the dead-load stress is -I- 5*4, so that the total stress is 26*8 
tons. 

The maximum stresses in the horizontal members may be 
found when the position of the engine-wheels and uniform load 
is known. We have seen that the maximum bending moment 
occurs when — 



r ^ Wi -h Wa -h . . ._+Wn' 
I 



R 



Wi-I-W2+ . .'. -|-W„ Wi-hWa-h . . . +W'* 

where X = the horizontal distance from the left abutment to the 
point about which the moments are taken. The following table 
shows the position of the engine loads and train which produce 
the maximum stresses in the top and bottom horizontal members, 
when one load is at the panel-point V from the left abutment : — 
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Table LXVI. 



Horizontal 
members. 



4-5 and\ 
5-6 / 

3-4 
2-3 



Point 

about 

which 

moments 

are taken. 


Ratio 
I 


15 


* 


16 


n 
T 


1 
17 


% 



12 
9 
6 



W«.-i,. 



Uniform load I Half length of 
Wr. I uniform load. 



11 I 48-5 
8 46-32 

5 49-82 



65-59 

2 
61-76 

2 
66 43 



Total load on 2. 



Load on I'. 



136-5 

134-82 

137-84 



60 
44 
32 



M I 



HorlxonUl member. ^ = 1^ {WiXi + (W^ + W,)x, + . . . ^Wj +W, + ... +W-)»,} ^ U^to^i 



top and bottom. 

4-5, 5-6, 6-7 ... 
3-4, 7-8 

2-3. 8-9 

1-18. 18-1712- 
11, nnd 11-10 

15-14 

16-15. 14-13 ... 
17-16. 13-12 ... 



-:;{Wi»i +(Wi + W2>r2 + . . . +cwi + Wj + . . . + w„'- o^} , *®°"- 

a 



) 



9 X ^{•*^^** + K88)2 + 48-5J32-295} - (2105-28) i 
9 xli^*"^'** ■•" ^^^^^ ^ 46-32]30-88} - (1010-94)^ 
9-J^{4760-44 + [(88)2 + 49-82]33-215} - (45906) i 
Shear x tnii « = 6666 x 0-769 









124 40 

110-16 

8715 

51-26 

124 44 

110-16 

8715 



Table LXVII. 

Total Sthesses in Tons. 



Ptoel. 



Stresses. 



4-5, 5-6, 6-7 

15-14 

3-4, 7-8 

16-15, 14-13 

2-3, 8-9 

17-16, 13-12 

1-18, 18-17, 12-11, 11-10 



- i 124-40 + 10(u?j + tPj) tan 6} 

H- * »» » \ 

- { 110-16 + 9(iP, + w,) tail fl} 

- { 87-15 + 7(w, + IP,) tan a} 
+ { 51-26 4- 4(ii?i + t47,) tail 6} 



Toul. 


- 18208 


+ 182-08 


- 1621 


+ 162-1 


-127-5 


: + 127-5 


1 + 74-3 



The stresses may now be written on the various members of 
the truss, Plate II., Fig. 1. 

l^e wind stresses in this truss will be considered in Chapter 
XIX. 
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Table LXYIII. may now be prepared, and the sectional 
areas of the Tarious members determined. In this case Mr. 
Theodore Cooper's rules have been used for finding the safe in- 
tensity of working stress instead of the Launhardt and Weyrauch 
formulas given in Chapter I. The figures explain themselves for 
the tensile stresses, but the straight-line formulsB given in 
Chapter XII. have been used for determining the working stress in 
compression. 

The actual sections adopted have been taken from Carnegie's 
list of rolled sections. 

The details may be further studied by referring to Plate II. 



CHAPTER XIX. 



WIND PRESSUBE. 



The published information on this subject which may be con- 
sulted for more complete information includes the following : — 

Papers by Mr. C. B. Bender and Professor Gaudard, pub- 
lished in Proceedings of the Institution of Civil Engineers (Vol. 
LXIX. p. 80), with discussions by Sir B. Baker and other well- 
known authorities. 

"Experiments by Sir B. Baker at the site of the Forth 
Bridge," published in Engineering, February 28, 1890. 

Experiments by Mr. O. T. Crosby, published in Engineering, 
May 80, June 6, and June 18, 1890. 

Paper by Mr. C. Shaler Smith, in Proceedings of the 
American Society of Civil Engineers, Vol. 10, p. 189. 

When a horizontal force of wind strikes an inclined surface 
it causes a normal pressure upon that surface 
(Fig. 840), the intensity of which is expressed 
by the following formula, deduced from experi- 
ments made by Mr. Hutton for gunnery 
purposes. 

Let P denote the horizontal pressure on an *''*°* ^^' 

inclined surface, such as a roof inclined at an angle 6, Fig. 840. 

Let N denote the normal pressure. Then — 

N = P(sin 0)1-8* «•«-! 

Professor Unwin states that this formula gives almost the 
same results as Duchemin's, which is — 




1 + Bin* fl 



The following table gives the Talnes of N for different 
valaes of when P = 40 lbs. per square foot. 
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Table 


TiXTX. 






Angle of 


Noxnutlp 
HnttoD. 


pesBQTe, N. 


Angle of 
roof, 9. 


Nomudp 
Hntton. 


reeenre, N. 


roof,(». 


Dachemin. 


Dndiemin. 


5° 
10° 
20° 
30° 
40° 


5-1 

9-7 

18-4 

26-5 

33-3 


6-89 
13-59 
24-24 
32-00 
36-40 


50° 
60° 
70° 
80° 
90° 


381 
40-0 
40-0 
40-5 
40-0 


38-64 
39-74 
39-91 
4000 
40-00 



The experiments of Sir B. Baker show that the average 
pressure over a large surface is less than over a small surface. 
The large gauge used for these experiments was 20 feet long 
by 15 feet deep, exposing 800 square feet of surface ; a circular 
gauge 18 inches in diameter was also arranged in the centre 
of the large gauge. 

The small gauge consisted of a circular plate of 1*5 square 
feet area. 

The revolving gauge also exposed a surface of 1*5 square 
feet, but was so arranged that it turned round and always faced 
the direction of the strongest wind. 

The large and small fixed gauges were arranged to face the 
direction from which the strongest winds blow. Some of the 
results are recorded in the following table :— 

Table LXX. 



Year. 



1884 

1885 

1886 
1887 
1888 

1889 
1890 

»» 



Month and day. 



Oct. 27 
„ 28 

March 20 

Deo. 4 

Maroh 31 

Feb. 4 

Jan. 5 

Nov. 17 
„ 2 

Jan. 19 
21 
22 



«f 



»» 



Preaaure in pounds per aquare foot. 



Revolving 
gaoge. 



29 
26 
30 
25 
26 
26 
27 
3.'> 
27 
27 
26 
27 



Small fixed 
gauge. 



Large fixed 
gauge. 



23 


18 


29 


19 


25 


17 


27 


19 


31 


19 


41 


15 


16 


7 


41 


27 


34 


12 


28 


16 


38 


15 


24 


18 



Gtronlar gauge 
* 18" in diameter 
in centre of 
large gauge. 



23} 



Direction of the 
wind. 



S.W. 
S.W. 

w. 
w. 

S.W. 
S.W. 
S.E. 

w. 

S.W. 
S.W. 

w. 

S.W. by W. 
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The British Board of Trade Bules require that bridges in 
exposed situations should be calculated for 56 lbs. per square 
foot, and this pressure to be considered to act over twice the 
area exposed by the girder; the resistance to be provided by 
the dead weight of the structure. 

In order to deduce the pressure froin the velocity of the 
wind, measured by means of an anemometer, we may use the 
following formula : — 

200 

where P = pressure in pounds per square foot, and V = velocity 
in miles per hour. 

This formula is due to Smeaton, and represents the pressure 
on small surfaces of about one square foot. 

In the present state of our knowledge of wind pressures on 
structures, it is only possible to estimate roughly the loads 
which may be expected. The experiments of Sir B. Baker, 
although probably the most valuable for our purpose, require 
to be extended considerably before the wind loads on structures 
can be estimated as accurately as the ordinary live and dead 
loads. The importance of the subject in connection with the 
design of large structures may be realized by a consideration 
of Sir B. Baker's estimate of the stresses in the Forth Bridge, 
which are as follows : — 

stresses due to dead load ... ... ... ... 2228 tons. 

yf tf llvO jf ... ... ... ... xXfju^ jf 

}} jj wihq jj ... ... ... ... iS«7iaU yy 



Total ... ... ... 6224 



»» 



The pressures deduced from anemometer experiments are 
for an instant only, and do not represent the pressure at the 
same instant over a large structure such as a bridge, the 
maximum pressures being due to gusts in advance of the main 
body of the moving mass of air. 

It is known, however, that the velocity of the wind is greater 
the higher the surface exposed is from the ground, and Bankine 
has deduced the greatest average pressure which could be 
realized on tall chimneys as 55 lbs. per square foot. 

By calculating the overturning moment of railway carriages 
and trucks, it is clear that the average wind pressure on the 
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surface exposed in such cases but rarely exceeds 80 lbs. per 
square foot, as only in very exposed situations and under 
exceptionally strong winds have railway vehicles been over- 
turned. Since 80 lbs. would overturn most of the rolling stock 
on existing railways, it is not necessary to estimate a greater 
pressure on the exposed surfaces of a bridge and train, although 
a greater pressure may be allowed on the bridge itself without 
the train. The correct estimate of the exposed surface is very 
important, and the amount of shelter afforded by the truss on 
the wind side to the truss on the lee side. 

As the pressure of wind on structures which rise a consider- 
able distance above the ground is greater in proportion to the 
height above the ground, tall chimneys, piers of viaducts, 
Eiffel towers, etc., may be calculated for from 50 to 56 lbs. per 
square foot of exposed surface for heights above 100 feet ; the first 
100 feet may be calculated for 40 lbs. In a circular chimney, the 
surface exposed is equivalent to a flat surface the width of which 
is half the diameter of the chimney. In braced piers, towers, and 
bridges, in order to allow for the effect of the wind on the lee 
side, the area on the exposed side should be multiplied by two. 

The American practice in estimating the force of wind over 
bridges is as follows : — 

The train surface is taken as 10 square feet for every foot 
in length, and the pressure of wind at 80 lbs. per square foot, 
or 800 lbs. per lineal foot of train, which must be added to the 
exposed area of the truss in square feet multiplied by 80 lbs. 
The former is treated as a moving load, and the latter as a 
fixed load. 

The bridge is also calculated for the case when the train is 
not on the bridge, by multiplying the exposed surface by 50 lbs. 
per square foot. The maximum stresses produced by either 
method of loading is used for designing the wind bracing. The 
exposed surface of the trusses is sometimes estimated by multi- 
plying the actual area of the vertical projection of chords, 
verticals, and diagonals by two, and adding the result to the 
exposed area of the deck, i.e. to the span of the truss multiplied 
by the distance from the bottom of the stringer to the rail level. 

The following rules are sometimes used for finding the wind 
pressure on trusses : — 

Let A = the actual areas of the upper chord and verticals. 
B = the area of the diagonal ties. 
C = the area of the bottom chord. 
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Then the exposed sorfaoe is estimatiBd thus— 

A + f + 2C 

This quantity must be added to the area of the floor system 
as before. To find the fixed load, the exposed area in square 
feet, found by either of the foregoing methods, is multiplied by 
80 lbs., and two-thirds of the result is assumed to act on the 
bottom lateral system, and the remaining one-third on the top 
system.^ 

The moving load of 800 lbs. per lineal foot of truss is 
assumed to act entirely on the bottom lateral system in through 
bridges, and on the upper lateral system in deck bridges. 

The intensity of working stress allowed in tension braces is 
15,000 lbs. per square inch for iron, and 18,000 lbs. may be 
allowed in the case of steel. 

The intensity of working stresses is proportionately increased 
on the compression members (see pp. 197 and 198), as the 
maximum wind stresses will only occur occasionally, or may 
never occur. 

The foregoing principles may now be applied to the calcula- 
tions of the stresses due to wind in the truss illustrated in 
Plate II., which has been already considered for the live and 
dead load in Chapter XYIII. 

Figs. 2 and 8 illustrate the plan of the top and bottom 
lateral systems, and Figs. 4 and 5 the sway and portal bracing. 

Length of batter brace = 88 feet 
Length oipz = 19*8 feet 
„ mn' = 25-6 feet 
Sec a = 1-6 

The area of the vertical projection of any truss may be 

^ Mr. Theodore Cooper specifies : " To provide for wind stresses and yibrations, 
the top lateral bracing in deck bridges and the bottom lateral bracing, in thiongh 
bridges shaU be proportioned to resist a lateral force of 450 lbs. for each foot of 
span ; 800 lbs. of this to be treated as a moving load." ** The bottom lateral bracing 
in deck bridges and the top lateral bracing!: in through bridges shaU be proportioned 
to resist a lateral force of 150 lbs. for each foot of span." M^. Cooper also prefers 
to make the lateral bracing in the floor system to resist compression as well as 
tension, so that he does not approve of the practice of considering the cross-girders 
as struts, and designing the diagonals as ties. 

U 
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calculated when the sizes of the various members have been 
determined ; in this case they have been found (p. 288). 

, , (140 + 66) X 12 X 18 . .^ . . 
Area of the upper chord = ttt = JJuy sq. leei. 

Area of the six vertical) _ 6 x 26 x 12 x 12 

posts 5 "~ 144 

Area of the two hip| 2 x 26 x 12 x 7 

verticals 5 ~ 144 

Area of the bottom 



= 156 



= 80 



chord, averaging 6 
inches in width 
Area of the eight dia- 
gonals, averaging 6*6 
inches in width 



180 X 12 X 6 
144 

8 X 33 X 12 X 6-5 
144 



= 90 



>> 



= 143 



>> 



Total = 728 



99 



The effective area = 728 x 2 = 1456 sq. feet. 
The area of the floor system = 180 x 3*5 = 680 „ 



Total exposed area = 2086 „ 

The total fixed load on the \ 2086 x 30 

apices of the top lateral | = = 20,860 lbs. 

system ) 

T J 1- 1 r . 20860 ,,^„ 
Load per Imeal foot = = 116 lbs. 

Apex load = 116 x 20 = 2820 lbs. = 1*04 tons 
The total fixed load on the 1 ^ ^ ^^.^^ ^ ^^ 

apices of the bottom \ = = 41,720 lbs. 

lateral system J 

Load per lineal foot = = 282 lbs. 

lou 

Apex load = 232 x 20 = 4640 lbs. = 2-08 tons 
Total moving load on the) ^ ^^ ^^^ ^ ^ ^^ „ 
bottom lateral system j = ^^O x 800 = 54,000 lbs. 

Apex load = 20 x 300 = 6000 lbs. = 2-68 tons 

The following is the tabulation of the stresses : — 
Top lateral system ; fixed load only — 
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pp' = - 1-04 tons pq' = 

00' = - 2-08 „ op' = + 2-08 sec a = + 3*22 tons. 

nn! = - 3-12 „ no' = + 3-12 sec a = + 4-99 „ 

mm' = - 4-16 „ mn' = + 4-16 sec a == + 6-66 „ 

Bottom lateral system ; fixed and moving load — 

ee' = - (2-08 + -^ X 2-68) = - 6-06 tons 

ef = 6-06 sec a = + 8*09 tons 

dd' = - (4-16 + Y X 2-68) = - 8-68 tons 

de' = 8-63 sec a = + 13-81 tons 

cc' = - (6-24 + \^ X 2-68) = - 12-49 tons 
cd' = 12-49 sec a = + 19*98 tons 

bb' = - (8-32 + ^x 2-68) = - 16-66 tons 

b<f = 16-66 sec a = + 26-66 tons 

aa' = - (10-40 + -\^ x 2-68) = - 21-12 tons 

ab' = 21-12 sec a = + 83-79 tons 

Let the bridge be empty and subjected to a wind pressure of 
50 lbs. per square foot. 

The stresses in the lower lateral system will not be increased, 
and need not be considered. 

The pressure at the upper panel-points is — 

2086 X 50 X 20 



180 X 


3x2240-^''^^"" 


The stresses are therefore — 


pp' = - 1-73 tons 
00' = - 8-46 „ 
nn' = - 5-19 „ 
mm' = - 6-92 „ 


pq'^0 

op^ = 3-46 X sec a = + 6'53 tor 

no' = 5-19 X sec a = + 8*30 „ 

mn' = 6-92 x sec a = + 11-07 „ 



2-5 tons must be added to all the foregoing stresses for initial 
tension, and the resolved part of this initial tension, viz. 2-2 
ions, in the compression members. 

Vertical Sway Bracing. — The form of bracing shown in Pigs. 
4 and 5 is very convenient when there is sufficient headway to 
allow for the insertion of the intermediate lateral strut. The 
-stresses due to the lateral oscillations caused by the passage of 
ihe live load cannot be well determined, but the wind stresses 
may be investigated by assuming that the total horizontal 
j[>ressure acting on the wind side of the truss causes it to bend in 
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a vertical plane towards the lee side, relieving the wind side of 
part of its load, and transferring the same to the lee side. 

The forces acting at the upper and intermediate lateral 
struts (Pig, 4) may be estimated in the following manner : — 

The exposed area of the two trusses = 1456 square feet. 
The total pressure, assuming the bridge to be empty, is 1456 x 
50 = 72,800 lbs. At each panel the pressure is — 

72,800 X 20 ^^^^ ,^ ^ ^^ ^ 
r^ = 8088 lbs. = 8-61 tons 

At the two top panel-points, pj?', we have — 

-:: — ;r;r-= 0*208 ton 
2 X 26 

At the two intermediate points, yz — 

13 X 3-61 



2 X 26 



= 0-903 ton 



The pressure of the wind on the floor system must be con- 
sidered if the cross-girders are attached to the vertical compres- 
sion posts, as the wind pressure acting on the vertical projection 
of the deck will also tend to relieve the wind side of a portion of 
its load, transferring the same to the lee side. 

The total wind pressure on the deck is 630 x 50 = 31,500 lbs. 

The pressure per panel is — 

31500 X 20 ^^^^ ,^ ^ ^ ^ 
- - - ^ = 3500 lbs. = 1-5 ton 
180 

This force acts at the centre of the group of rivets uniting 
the cross-girders to the vertical posts, is 2*4 feet above the 
centre of the pins in the bottom chord. 

If the cross-girders are suspended by means of hangers, the 
wind pressure on the deck will not affect the vertical sway 
bracing. 

In the present case the effect may be estimated by assuming 
a force to be concentrated at the points, 'pp^yz^ which would pro- 
duce the same moment about e as the wind pressure on the deck, 
and therefore relieving the wind side of the same portion of ita 
load; thus — 

2-4x1-5 ^^^^ 
-- — - — = 0-04 ton 
4 X 23 
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This must be added to the pressures at the top and inter- 
mediate panel-points already obtained, thus — 

at jpp' = 0-208 + 0-040 = 0-248 ton 
at yz = 0-908 -f- 0-040 = 0-948 „ 

The released weight, found by taking moments about e, is — 

2(0-948 X 20) + 2(0-248 X 26) ^ ^.^^ ^^^^ 

16 

The stress in the bar p'y = 8-16 sec 

= 8-16 X 2-85 = 9 tons 

Add 2^ tons for initial tension,^ making the total stress 11*5 
tons. We may take the working stress as 8 tons for steel, and 
6^ tons for iron in such bars, thus the area required in a steel 

bar is — = 1*44 square inch. 

o 

The bar pz will be stressed to a similar amount when the 
wind acts on the right side instead of the left. 

The stress in the strut yz may be found by the method of 
sections, thus : Take moments about p', and, considering the 
forces on the lee side, we obtain — 

- 1-191^ X 26 -}- 0-948 X 6 , ^^ , 

= - 4-22 tons 



The horizontal component of the initial tension must be 
added, which will increase the stress to 6*44 tons. 

The stress in the bar pp'y considered as part of the vertical 
sway bracing, will also be 6*44 tons ; so that wherever the stresses 
in the top lateral posts are less than this amount, considering 
them as part of the top lateral system, they must be increased^ 
In this case the struts oo\ pp\ ((((^ and W must be designed for 

^ Considerable difference of opinion exists as to the proper amonnt to aUow for 
initial tension. Professor Burr allows 500 lbs. for all cases of stresses in bridge 
and roof trusses. Mr. Theodore Cooper states in his specifications, **Tho 

lateral stmts shaUbe proportioned by the formula I = 9000 — 50-, to resist only the 

resultant due to an assumed initial stress of 10,000 lbs. per square inch upon aU 
the rods attaching to them, assumed to be produced by adjusting the bridge or 
towers.** Here \ = length of strut, r = the least radius of gyration. Others allow 
about 1} ton per square inch of the section of the bar for initial tension. 

* In Fig. 4, Plate II., this force has been incorrectly engraved as 1*291 instead 
of 1-191. 
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6*44 tons. We may apply either Bankine's or the straight-line 
formula to find the necessary area. 

For angle-iron struts the following formula may be used for 
finding the working stress, /— 

9 300 



1 + 



SOOOOr' 
I = length of strut 
r = least radius of gyration 

Hence the sectional area will require to be about 8*22 square 
inches, and two angles 5" x 3" x |" at 9*5 lbs, per foot may be 
used. 

The bending moment at y should be considered when the 
bridge is loaded with the live load and 30 lbs. wind pressure. 
The post should be considered as fixed at the ends. 

In this case the increase in the sectional area of the channel 
iron post is about 1^ square inch. The transferred load from 
the wind to the lee side will also slightly increase the com- 
pression on the post. 

The stresses in the portal bracing are found in a similar 
manner to the foregoing by making the following substitutions : — 

(a) For panel pressures at top points, the sum of the panel 
pressures concentrated on one-half of the top lateral system ; i.e. 
in example — 

-^ = 3-46 tons 

(b) For the distance py, Fig. 4, the perpendicular distance 
between the end strut of the top lateral system and the inter- 
mediate portal strut. 

(c) For the depth of the girder the length of the batter brace. 
The released load is — 

6-92 X 33 -^ 1-89 X 25'4 ,^^^^. 

— = 16-023 tons 

lb 

The stress in the bar lm\ Fig. 5 = 16-023 sec == 87-34 tons 
Allowing 6 tons for initial tension in two rods, the total stress 
is 42*84 tons. Two bars 1^ inch diameter will be sufficient. 
The stresses in the intermediate portal strut is— 
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- 4-405 X 33 + 0-94 x 7'6 

7-6 



= 19"5 tons 



Increase for component of initial tension = 4*44 tons 

:, Total stress = 23-94 tons 

The top strut must also be designed for this stress. The 
section may consist of two channel bars 7 inches deep^ at 14^^ lbs. 
per foot, spaced 7 inches apart. 

With a wind pressure of 60 lbs., the bottom chord undergoes 
a compressive stress which exceeds the tensile stress produced 
by the dead load, hence a compression member must be intro- 
duced to take the difference of these stresses. The excess of 
compressive over tensile stress is shown in the following table : — 





Tabt.k LXXI. 




Bar. 


Teosion dae to 
dead load la tons. 


OumpreiBion dae 

to wind preisuxe 

In tons. 


Difference of 
streeies In tonv 


1-18 
18-17 
17-16 
16-15 
15-14 


+ 23 07 
+ 23-07 
+ 40-38 
+ 51-91 
+ 57-68 


-26-4 

- 47-28 
-62 84 
-73-63 

- 79-95 


- 338 
-2416 

- 22-46 

- 21-72 

- 22-27 




The details of the wind bracing are sufficiently illustrated on 
Plate II. 

The wind pressure produces an increase in the stresses of the 
bottom chord, which will necessitate 
an increase in the sectional area if the 
stress is 25 per cent, greater than that 
for which the eye-bars were designed. 

When the depth of the truss is not 
sufficient to allow for the vertical 
sway bracing shown in Figs. 4 and 5, 
Plate II., angle brackets or knee pieces 
are used, as shown in Fig. 341. 

Let F denote the wind force at the 
panel-points 2? and p' — 

The released weight = -p = w' 

The bending moment at c = -7- (6 - a) - Frf 






Fia. 341. 



I 
I 

I 
I 

i 
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The bending moment at 2^ = ¥(d — a), considering the post as 

merely supported at each end ; really it is fized^ and the bending 

moment at y is — 

P 

The stress in cy is found by taking moments about jp, and 
denoting the perpendicular on cy by 



Yd 
Stress in cy = — 

The stresses in the portal bracing may be found in a similar 
manner, substituting for dy a, and x their actual lengths as 
before. 

Professor Waddell^ gives an investigation for determining 

the stresses in the vertical sway bracing 
of a double-track bridge, which may be 
briefly described as follows : — 

When only one track of a double- 
track bridge without vertical sway 
bracing is covered by the moving load, 
the trusses are loaded unequally, the 
load being divided according to the law 
of the lever. 

If vertical sway bracing is used, 
we may assume that the load is equaUy 
divided between the trusses, the differ- 
ence between the loads being taken up 
by the sway bracing, thus (Fig. 842) : — 

Let R and lli = the reactions produced by a load on one 

track. 
W = the load. 
G = the load transferred by the bracing ; then — 

G_R.W_ /^o^^N W^_Wa_ 
tr-x^ 2~ V2(a-}-6)>' 2 2(a + 6) 

The stress in the vibration rod JH is — 




FlO. 342. 



G sec e = 



Wa sec 



2(a + h) 

« "Memoire of the Tokio Daigaku," by Profeeaor J. A. L. WaddeH. 
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The stress in JK is — 



Wa 2(a + h) Wa 

X 



2(a + 6) / / 

The stress in GH can be shown to be zero. 
The bending moment at K is — 

fl 

This bending moment does not exist at the same time as 
the maximum stress in the post HF, and need not generally be 
considered. 

The bending moment produced in the long vertical posts 
about the centre of the trusses in double-line railway bridges 
will in general require the section of the post to be increased in 
area beyond that found for the ordinary live and dead loads. 
It should be remembered that this bending moment has been 
calculated on the assumption that the reactions B and Bi have 
been exactly equalized by the bracing ; again, no account has 
been taken of the fact that the vertical post acts as a beam fixed 
at the ends in resisting the bending moment at K. Taking these 
matters into consideration, it follows that the actual bending 

moment is probably not greater than — . 

3 



I 



CHAPTER XX. 



STRESSES IN BBACED PIERS. 



Braced piers must be designed not only to carry the dead and 
live load discharged by the main girders or trusses^ but to resist 
the maximum horizontal force due to wind. 

The stresses due to wind are considerable in lofty viaducts of 
this class. One of the best examples occurs on the New York, 
Lake Erie, and Western Goal and Bailway Company's Bail- 
way across the Kinzua Valley. The superstructure consists 
of lattice deck girders designed for a single line, spaced 10 
feet apart transversely, and alternatively of 61 and 88^ feet 
spans. 

The towers or piers vary in height from 20 to 280 feet ; the 
total height from rail level to the water level in the Einzua 
Creek is 801 feet. The piers are composed of PhcBnix columns 
for the main compression members and transverse struts, with 
longitudinal struts of four latticed angles and diagonal tension 
rods arranged in pairs. Very high winds sweep through the 
gorge, which, taken in conjunction with the vibrations caused 
by passing trains on such a lofty viaduct, necessitate careful 
consideration. 

The width of the piers at the top is 10 feet, and at the 
widest part of the base 108 feet. 

The method of obtaining the stress in braced piers will be 
illustrated in the following example : — 

Figs. 848 and 844 show two views of a braced pier of similar 
proportions to those adopted for the Kinzua viaduct. The wind 
is supposed to act on the right side, and the stresses on one of 
the frames of the pier will be investigated. 
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Let Pi = the pressure on the train taken over one-half the 

spans r and z. 
F2 = the pressure on the main girders taken over the 

same distance as Pi. 
^19 ^^'2> ^3> and W4, = the panel pressures acting at the 

four corners of the pier at each story. 
H = the total horizontal force acting at the top of 

the pier. 
W = the dead load of half the spans r and «, in addition 

to the live load distributed over them, considered 

as acting at the points u v, Fig. 843. 
Wi, Wa, Ws, and W4 = the panel weights of the pier 

itself acting at the joints as shown in Fig. 848. 
The remaining quantities are sufficiently explained in 
Fig. 848. 




FlO. 343. 



FiO. 314. 



The wind pressures Pi and P2 on the train and main 
girders will relieve the pressure at v, and transfer an equal 
amount to u. 

Let X denote this amount ; then — 



X = 



Pi^+Pjfc 
d 
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Therefore the resultant reactions at vl and v mil be re- 
spectively — 

— + X, and — - X 

The horizontal component of x must be added to the hori- 
zontal forces Pi and P3, and to the panel pressures w^y to find the 
total force acting at the top of the pier — 

H = Pi + Pa+«tane + 2«i?x 

We can set off H and the panel pressures w^^ w^ and 1^4 on 
a horizontal line as a force polygon, and obtain the reciprocal 
polygon in the usual way, thus determining the wind stresses. 

Pig. 845. 

The post 01 and the diagonals indicated by the dotted lines 

are unstressed when the direction of the 
wind is as indicated. If the wind acts 
in the opposite direction, the post EJ 
will be unstressed as well as the bars 
IJ, LK, and MN. The force Y acting at 
the base of the pier is represented in 
magnitude by the length of the line TT 
in the reciprocal polygon. Fig. 845. It 
tends to produce sliding at the bed- 
plates, and must be resisted by the 
frictions developed by the total reactions 
due to the live and dead load added to 
the reactions measured from Fig. 845, 
or by the horizontal resistance at the 
feet of the posts due to these reactions 
added to the shearing resistance of the 
bolts. 

The stresses obtained by measuring 

the lines in Fig. 845 must be added to those produced by the 

live and dead loads, thus — 




FiO. 846. 
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Table 


LXXII. 


Member of stmctnre, 
Fig. 343. 


StresB dae to wind 

pretnure obtained 

from Fig. 346. 


Strewee due to live and dead loads. 


JE 


-JE 


/W \ 


KF 


-KF 


/W \ 


MG 


-MG 


-(g+^ + Wi + W. + wJseca 


10 


— 


■"(2 -^ + W,)8eo« 


LP 


+ LP 


1^" \ 


NQ 


+ NQ 


-^^ -a; + W, + W, + W,)Beoa 


IE 


-IE 


/ W \ 


JL 
KN 

TM 


-JL 
-KN 

-TM 


~ Wj tan 9 
, ~ W, tan « 

+ ^- - a; + W, + W, + W,j tan ^ 


IJ 
LK 

NM 


+ IJ 
+ LK 

+ NM 





The total reactions Bi and B^ may also be found by adding 
the vertical reactions due to wind pressure as measured from 
Fig. 845, to the total live and dead load on each side of the 
frame, thus — 

W 
Ri = ~- «J + Wi + W2 + W3 + W4 + B/ (Pig. 845) 

W 
K2 = Y + 05 + Wx + W2 + W3 + W4 + Ba' (Pig. 345) 

It will generally be necessary to investigate the stresses in 
the pier when the live load is not on the main girders, as it may 
happen, for instance, that the tension in the diagonal members 
will be increased; 50 lbs. per square foot of exposed area, 
estimated as in the case of trusses, should be allowed when the 
train is off the structure, and 30 lbs. when the train is on 
the structure. The maxima stresses due to either case should 
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be used in designing the structure. The same remarks as to 
initial tension and intensities of working stress in 1;he lateral 
systems of main girders and trusses apply without modification 
to braced piers. 

In a braced pier carrying a double line of railway, the 



Fro. ^6. 



iri«r#" 



taT'SCf 




m^'oT'Ot^ 



maxima stresses in the diagonal members of the pier will 
occur' when the live load is on the same side as the wind, the 
lee side line of rails being empty. 



PLATE III. 
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The stresses due to the horizontal traction of the train 
should be added to those already found. If the line is curved, 
the force acting along the radius of the curve due to the motion 
of the train in the curve should also be considered. 

The stresses in Eiffel towers may be investigated in a similar 
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manner to that indicated for a braced pier, the only vertical 
forces being the weight of the structure and the loads on the 
various floors which may be considered as acting vertically at 
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the panel-points. The stresses due to these loads should be 
added to those obtained by drawing a reciprocal polygon for the 
horizontal forces due to wind. The inclination of NQ and MG 
may easily be adjusted from the diagram of wind pressure, so 
that the diagonal members MN are not necessary. 

Timber Trestle Piers. — ^Figs. 109 and 114 illustrate the method 
of constructing trestle piers or bents of timber in viaducts of 
moderate height. When the height of the trestle pier is under 
10 feet it is not usual to provide sway bracing, and from 10 to 20 
feet sway braces are arranged as shown in Fig. 114. The braces 
should be bolted to the cap, to each pile or post, and to the 
sill with bolts | inch in diameter, with cast-iron washers under 
both the head and the nut. 

Where the height of the pier exceeds 20 feet, the upper panel 
should be made from 1 5 to 20 feet, and the odd lengths put in 
the lower panel. 

Figs. 846 and 847 illustrate a high timber trestle pier used 
on the Galifomian and Central Bailway, United States, America. 
These high piers require the greatest care and attention on the 
part of the designer. High trestle piers of timber present great 
varieties in design. They should be thoroughly sway-braced, 
each story having one set of braces. Counter-posts are also 
used to stiffen the bent, and longitudinal bracing between the 
bents, either in every bay or in every third or fourth bay, 
arranged horizontally and diagonally. A good plan is to brace 
every third bay diagonally so as to form a tower, and to 
provide simply horizontal longitudinal braces between the bents 
in the intermediate bays at each story. 



CHAPTER XXL 

CONTINUOUS aiRDEB ROAD BRIDGE. 

The calculation of the stresses in continuous girder bridges may 
be illustrated by the following example of a road bridge. 

The bridge is illustrated in Plate III., and consists of two 
wrought-iron continuous lattice main girders 464 feet long over 
all, supported upon iron cylinder piers, forming three spans of 
140 feet 8 inches, 182 feet, and 140 feet 3 inches respectively, 
measured from the centres of the piers. 

The main girders are spaced 21 feet centres across the bridge, 
and are 10 feet deep, excepting at the ends, which are curved to 
an elliptical outline. The top and bottom booms or chords are 
trough-shaped, formed with horizontal plates and T-irons riveted 
together. 

The web consists of vertical struts over river piers and plates 
over land piers, with flat lattice bars for the tension members, 
and channel bar compression members braced together, with 
ladder bracing set at an angle, the tangent of which is /^r* 

The cross-girders are attached to saddles riveted to the 
bottom boom immediately over the apices of the triangulation, 
dividing the girder into panel lengths, each 7 feet long measured 
from apex to apex, or centre to centre of cross-girder. 

Longitudinal timber beams are attached to the top flanges of 
the cross-girders, upon which is laid a continuous floor of planks 
4 inches thick. There is a timber kerb on each side of the 
roadway having a clear width of 18 feet. 

The piers are each constructed with two cylinders filled with 
cement concrete und braced together. The diameter of the 
cylinders of the river piers is 6 feet, and of the land piers 4 feet 
6 inches. 

X 
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The upper portion of each cylinder consists of wronght-iron 
plates I inch thick, riveted together with single butt joints. 

The lower portion consists of cast iron in lengths of 6 feet 
and 1^ inch thick^ with making-up piece of a length depending on 
the depth of foundation. Only two lengths are shown on the 
plate ; the bottom length is \\ inch thick, and is provided with 
a cutting edge to facilitate sinking. The wrought-iron cylinders 
are secured together with diaphragm bracing having elliptica 
openings, and consists of f-inch plates and 8 x 8 x f inch angle 
bars arranged as shown. 

The cylinders are sunk by excavating the material from the 
interior and loading until a satisfactory foundation is obtained. 

The dimensions of the plates, bars, angles, channels, etc., 
as well as the principal details are shown on Plate III. 

Cross-Oirders. — The dead load on one cross-girder consists of 
the weight of the floor, timber stringers, and the weight of the 
cross-girder itself. The dimensions of the stringers and the 
thickness of the floor may easily be determined from the data 
given, as explained in Chapter XIV. The weight on the driving 
wheels of the traction engine in the worst position must be 
taken. The sizes actually adopted are shown on Plate III.,^ and 
the weight of timber is 827 lbs. per foot run of bridge. The 
dead load on one cross-girder is therefore — 

7 X 827 = 5789 lbs. = 2*6 tons distributed 
Assumed weight of cross-girder = 1*0 „ „ 

Total dead load = 8-6 „ „ 

The distributed live load is — 

84 X 18 X 7 = 10,584 lbs. = 4*75 tons distributed 

Concentrated load from traction engine shown in Figs. 822 
and 828, which may be in the centre of the bridge, = 9'5 tons. 

Hence we must design the cross-girder for the 9*5 tons in the 
centre plus the distributed dead load of 8*6 %ons. This will be 
equivalent to a uniformly distributed load of 22*8 tons. 

The bending moment in the centre is, since the girder is 
21 feet span — 

— = 59*85 foot-tons 

o 

1 The floor in this bridge oonsists of New South Wales taUow-wood, and the 
stringers of ironbark. The weight is therefore greater than wonld be the case 
with pine timbers. 
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The effective depth may be 1'88 feet, and the working stress, 
considering that the maximum load occurs very seldom, and 
then without much impact, may be found by the following 
formula : — 

4-7ri + i5?15:) = 4-7fl + --®-') = 5-076, say 5 tons 
», ^^5^; ». 2x22-8>' per square inch 

The moment of resistance of the bottom flange is — 

/(mZ = 5 X 1-88 X a = 9'16a 
/. 9-15a = 69-85 

/. a = 6*64 square inches 

The section provided consists of — 

2 angles 8" x 8" x i" = 4-7 square inches 
1 plate 5\" X f" = 2 

Total area = 6*7 „ „ 

The diameter and pitch of the rivets, and the thickness of 
web plate with regard to the intensity of shearing stress, may be 
investigated as in the other examples given. 

The rivets are } inch diameter and 4 inches pitch. 

The web is y\ ii^ch thick. 

The weight of the cross-girder may be calculated in the 
manner already sufficiently illustrated, and will be found to 
weigh 2238 lbs. 

The total weight of the deck, including cross-girders, per foot 
run is = 0-61 ton. 

Main Oirders. — The dead load on one main girder is half the 
weight of the deck and the main girder itself. 

Total weight of deck per foot run = 0*266 ton. 

The live load per foot run is — 

84 X 18 ^ ^^„ ^ 
2^r2240 = «'«^7 *^^ 

The weight of the main girder per foot run may be approxi- 
mately estimated by means of the formula — 

Wi Wr 

, where I = the mean span x 0*8, and C = 1200 



I C« - Ir 
i = 164 X 0*8 = 128-2 
Wi 128 X 0*6 X 12*8 



I 1200 X 6 - 123 X 12-3 



= 0*2 ton per foot run 
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The total dead and live load distributed per) ^ ^^^ ^ 

/ X ^ = 0*793 ton 

foot run 3 

The dead load per foot run used in tbe) __ 

following calculations 5 "" ^^ * 

The live load per foot run = 6*75 cwt. 

Ca9e I. — Span 11. fully loaded. u\ = 10 cwt., ic^ = 16*75 
cwt., Wz = 10 cwt. 

2mi(140 + 182) + 182ma = i(10 X WO^ + 16*75 x 182^) 

.-. 7Wi = m^ = 88,867-6 foot-cwt. = 1943*4, 

say 1944 foot-tons 
10,,,^ ^ 88867 

:. ic = 84*5 feet, say 84 feet 

16*75 
2/a = =^(182a; - ic^ - 38867 = 

X = 30*67 feet from piers I. and II. 

Taking the nearest apex, say 28 feet. 

Case IL — Spans I. and II. fuUy loaded. ?ri = ir^ = 16*75 
cwt., Ws = 10 cwt. 



.-. 64477h + 1827712 = i(16*75 x 140' + 16*75 2<^182^ 
and 182mi + 644?W2 = i(16*75 x 182^ + 10 x 140^ 

wa = 36,659 foot-cwt. = 1833 foot-tons 
mi = 2334 foot-tons 

16-75,,,^ ^ 46681 
Vi = —^{UOx - a?) - n^io"^ ^ 

.*. X = 100*2 feet from abutment I. 

Taking the nearest apex, say 98 feet. 

16-75,,^^ ^ ^, ,,^ 46681-36659 
2/2 = -^ (182a; -x^ -36,659 — a? = 

.*. x=:SO feet and 145 feet from Pier II., say 28 and 49 feet, 
from Piers II. and III. respectively 
10,,,^ ^ 36659aj ^ 

/. X = 87*6 feet from abutment II., say 91 feet 

Case III. — Spans I. and III. fully loaded. u\ = w^ = 16*75 
cwt., W2 = 10 cwt. 
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644wi + 182//?a 
826w?i 



}(16-75 X 140^ + 10 X 182^, and iih = ^ 

26,561,920 

?na = 32,157 foot-cwt. = 1608 foot-tons 

112*6 feet from abutments I. and 11., say 
112 feet 

-^(182a; -a?)- 32157 = 

48 and 184 feet from piers I. and II., say 49 
and 183 feet 



The points of contra-flexure having been determined, the 
shearing stresses over piers and abutments should be calculated. 
The results are given for the various cases in the following 
table : — 

Table LXXIIL 



Case. 



I. 



I 



II. 



< 



Shear at 



Abuts. I. and II. 
Piers I. and I. 

Piers I. and II. 

Point of oontra- 

, flexure 

Abutment I. 

Pier I. 

Pier I. 

Point of oontra- 
flezure 

Pier 11. 

PierIL 

Abutment II. / 

Abuts. I. and II. i 

Piers I. and II. / 

Piers I. and IIL 

Point of contra- 
flexure 



i)ue to loading with the 
fall load OQ 



Spans I. and III. 

Span II. 
Span L 

Span II. 

Span III. 
Spans I. and III. 

Span II. 



Shear In 
tons. 



Preeenreon 

rapports in 

tons. 



21125 
48-88 

76-20 
50-52 

41-86 
75-19 \ 

7914 / 
48-16 

73-28 
48-10 
2190 
( 4715 
\ 70- 10 

/ 45-50 
\ 21-50 



125*08 



{ 



154-33 



121-38 



115'60 



Maximmn shear 
in tons. 



On abutment 
due to Case 
IIL =4715 

On piers due 
to Case IL 
= 154-83 



« 

The bending moments in the centre of each span considered 
as a detached girder are — 

For the 140 feet spans fully loaded — 



m = 



16-75 X 140^ 
20 X 8 " 



= 2052 foot-tons 



3IO Engineering Construction. 



Yoit the dead load only — 

10 X 140'^ ,^^, ^ , , 
m = ^^ ^^ - = 1225 foot-tons 
20 X 8 

For the 182 feet span fully loaded— 

16-75 xl82« ,,^^^ ,, 

'^^ = — ^ — t::^ — = 8468 foot-tons 
8 X 20 

For the dead load only — 

10 X 182^ ^^„^ , , , 
771 = - - - = 2070 foot-tons 
8 X 20 

The diagram of upward and downward bending moments 
may now be plotted to scale, and the positions of the points of 
contra-flexure determined as a check on the values given by the 
equations. The diagrams of bending moments may, however, 
be plotted from the results of solving the equations of bending 
moments for different values of x, which may be taken as 1, 2, 
3, 4, etc., times the panel length, viz. 7 feet; i.e. a; = 7, 14, 
21, etc. 

If the latter method is adopted, it will be correct for a plate 
web girder, and very nearly confect for such a lattice girder as 
the one under consideration; these diagrams are left for the 
student to draw for himself. The method adopted in this 
example will be similar to that explained for lattiee girders in 
Chapter VIII. 

The shearing- stress diagrams can be drawn in the manner 
shown in Fig. 215, using the results given in the foregoing 
table, and the stresses in the lattice bars may be deduced with- 
out difficulty. 

Here also the method adopted will be the same as explained 
in Chapter YIII., as the results wiU be more accurate. 

For a plate web girder, however, the shearing stresses may 
be scaled from the diagram. The stresses in the booms or 
chords, and the lattice bars, will now be considered by the 
method referred to. 

Dead Load. — Let Wi denote the load at each apex. = 85% 
.-. sec e = 1-22077, and tan = 0-7. 

/. tn = -- X 7 = 8-5 tons 
Wi sec = 3-5 X 1-22077 = 4*27 tons 



Continuous Girder Road Bridge. 3 1 1 

Liye Load. — Let w^ denote the live load at each apex. 

6-75 
.-. M'2 = "oQ- X 7 = 2-3625 tons 

i(?2 sec e = 2-8625 x 1-22077 = 2-84 tons 

Baad and Liye Load. — ^Let w^ denote the total load at each 
apex — 

16-75 
/. W3 = X 7 = 5-8625 tons 

xv^ sec e = 5-8625 x 1-22077 = 7*15676 tons 
ws tan e = 5-8625 x 0*7 = 4-10875 tons 

The valaes of k7i sec and w^ sec will be used in tabulating 
the stresses in the lattice bars in the manner illustrated in 
Chapter VIII. 

The concentrated moving load of the traction engine will 
generally increase the stresses on some of the lattice bars towards 
the middle of the spans^ and should always be considered. In 
this example the most natural place for the engine is in the 
centre of the bridge, and t(;4 = 8 tons therefore has been taken 
at each apex, giving a value for w^, sec = 9-76616 tons. In a 
bridge with a wider deck, the traction engine should be assumed 
to be close to the kerb on one side, and the load divided between 
the two girders by the law of the lever, giving a correspondingly 
greater apex load on one of the girders, which should be used in 
tabulating the maxima stresses near the centre of the effective 
spans. The values of w^ tan will produce the maxima stresses 
in the chords or booms, and should be used in tabulating these 
stresses in the manner illustrated in Chapter YIII. (Figs. 147, 
149, and 150). 

It will now be most convenient to make outline diagrams of 
the effective spans and the cantilever portions of the main girder 
for the three cases of loading considered, and to write index 
numbers on the lattice bars as in Figs. 147» 149, Chapter YIII. 

The stresses in both the lattice bars and booms can then be 
tabulated. Only the results of these tabulations will be given, 
as the methods are fully illustrated in the chapter referred to ; 
but it will facilitate the work if a table is first prepared giving 
the values of w^ sec and w^ tan when multiplied by the index 
numbers, such as the following : — 
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Table LXXIV. 



Tabus LXXV. 



For the dead-load stresaes 
In the lattice ban. 



For the live and dead load stresaea in the chorda or 

booma. 





tO] 8ec0=: 


Index 


4*27 mnlti-r 


number. 


plied by the 




index. 


0-5 


2*14 


1-0 


4-27 


1-5 


6-41 


20 


8-55 


25 


10-68 


30 


12-82 


3-5 


14-95 


40 


1709 


4-5 


19-23 


50 


2136 


5-5 


23-50 


60 


25-63 


6-5 


2777 


7-0 


29-91 



Index 
number. 


ws tan (7 = 
4*1 multiplied 


Index 

nnmlMr 


10s tan (7= 
4'1 multiplied 


by the index. 
205 




by the index. 


0-5 


6-0 


24-62 


1-0 


410 


6-5 


26-67 


20 


8-21 


7-0 


28-73 


3-0 


12-31 


8-0 


82 84 


3-5 


14-36 


90 


36-93 


40 


16-42 


100 


41-04 


4-5 


18-47 


110 


45-14 


50 


20-52 


12-0 


49*25 


5-5 


22-57 


13-0 


53-35 



The live stresses in the lattice bars may be found as in 
Chapter VIIL, p. 127, using the following values : — 
For the centre span — 

u\ sec e 2-8843 



I 



18 



and 



wn. sec e 2-8848 



I 17 

For the side spans — 

\i\ sec © 2-884 



== 016023 ton 



= 0-16966 ton 



I 



14 



, u'2 sec e 2-884 
also - 



I 



16 



= 0-206 ton 



= 0-18025 ton 



This will necessitate four separate tabulations if worked out 
completely. 

For the concentrated load due to the traction engine : — 
For the centre span — 



%i\ sec e 9-76616 



I 



18 



= 0-54256 ton 



, tt'4sece 9-76616 ^,„,,o, 
also -^-1 — = ~ - - = 0-57448 ton 
I 17 
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For the side spans — 

n\ sec 9-76616 
I "" 14 



= 0-69758 ton 



, /r4sece 9-76616 ^^,^^^, 
also -, — = — -— = 0-61038 ton 
I lb 

These will require, if worked out completely, four more 
separate tabulations. 

It is not generally necessary to work out the tabulations for 
all these cases completely, as a little experience will enable the 
computor to decide which cases produce maxima stresses in the 
efifective spans and cantilevers. 

A careful consideration of the diagrams of shearing stress, 
which should generally be made before commencing the detailed 
tabulations, will help the computor to decide which cases require 
to be fully worked out, and where the cases not fully worked 
out are likely to increase those tabulated. By referring to the 
following tables of stresses in lattice bars, it will be seen how 
far the traction engine increases the stresses due to the dead 
and moving loads. If the wheels of the traction engine had 
been taken as close as possible to the kerb, the effect would 
have been greater. Again, if the spans were smaller, a greater 
number of lattice bars would be governed by the load on the 
wheels of the traction engine. In any span, if the extreme 
positions of the point of contra-flexure is known, there will be no 
difficulty in determining the maxima stresses in the two effective 
spans and the two cantilevers, either for the dead and moving 
load, or for the dead load and the traction engine. 



»/ 
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Table LXXVI. 
Oram Span.— Table or Stbesbis ik Chobds ob Booms in Toms. 



Number of 

chord or 

boom. 


GueL 

SpanlLftilly 

looted. 


G^seJI. 

Soaiisl. and 

U. AiUy 

loaded. 

- 147-74 


CaaeUl. 

Spanal. and 

lU. ftilly 

loaded. 


Maxima. 


Minima. 


1 


-166-20 


- 44-10 


- 166-20 


- 4410 


2 


+ 16415 


+ 143-63 


+ 42-88 


+ 166-20 


+ 42-88 


8 


- 16210 


- 139-53 


- 41-65 


- 162-10 


- 41-65 


4 


+ 160-05 


+ 139-53 


+ 40-43 


+ 160-05 


+ 40-43 


5 


-153-89 


- 131-32 


- 36-75 


- 153-89 


- 86-75 


6 


+ 151-84 


+ 127-22 


+ 35-53 


+ 151-84 


+ 35-53 


7 


- 141-58 


- 114-91 


- 29-40 


- 141-58 


- 2940 


8 


+ 139-53 


+ 114-91 


+ 28-18 


+ 139-53 


+ 28-18 


9 


-125-06 


- 98-49 


- 19-60 


-125-06 


- 19-60 


10 


+ 12311 


+ 94-39 


+ 18-38 


+ 123-11 


+ 18-38 


11 


- 104-65 


- 73-87 


- 7-35 


-104-65 


- 7-35 


12 


+ 102-59 


+ 73-87 


+ 613 


+ 102-59 


+ 6-13 


13 


- 80-02 


- 49-25 


+ "7-35" 


- 80-02 


+ 7-35 


14 


+ 77-97 


+ 45-14 


- 8-58 


+ 77-97 


- 8-58 


15 


- 51-30 


- 16-42 


+ 24-50 


- 51-30 


+ 24-50 


16 


+ 49-25 


+ 16-42 


- 25-73 


+ 49-25 


- 25-78 


17 


- 18-47 


"+ I6-42"" 


+ 4410 


+ 44- 10 


- 18-47 


18 


+ 16-42 


- 20-52 


- 45-33 


- 45-38 


+ 16-42 


19 


+ 18-47 


+ 57-45 


+ 66-15 


+ 66-15 


+ 18-47 


20 


- 20-52 


- 57-45 


- 67-38 


- 67-38 


- 20-52 


21 


+ 59-50 


+ 98-49 


+ 90-65 


+ 98-49 


+ 59*00 


22 


- 61-56 


- 102-59 


- 91-88 


- 102-59 


- 61-56 


28 


+ 104-65 


+ 147-74 


+ 117-60 


+ 147-74 


+ 104-65 


24 


- 10670 


- 147-74 


- 118-83 


- 147-74 


- 106-70 


25 


+ 153 89 


+ 196-98 


+ 147-00 


+ 196-98 


+ 147-00 


26 


-155-94 


- 201 08 


- 148-23 


- 201-08 


- 148-23 


25-27 


+ 180-57 


+ 225-71 


+ 162-93 


+ 225-71 


+ 162-93 


26-28 


- 180*57 


-225-71 


- 162-93 


- 225-71 


- 162-93 


B.miatl 
centre / 


1525 ft.-tonB 


1310 ft-tons 


462 ft-toDB 






B. mtat\ 
pien J 


1944 „ 


2334 , 


1608 „ 







«* • ^ • signifies point of contra-flexure. + Tension. — Compression. 
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Table LXXVII. 
CiMTBB Span. — Sumhabt of Stbusbb in Lattiob Babs in Toms. 





Evenly diatribated Uve 


SfcreBBea dae to dead 
load and to distri- 
buted moving load. 


Streaaea doe to tbe 






Kamber 
of bar. 


and dead load atresaea 
due to unequal load- 
ing of q»anB. 


dead load and con- 
centrated load of 
the traction engine. 


Total final atreasea. 




Maxima. 


Minima. 


^"™" ' Tenalon. 
presaion. i *'"■•««• 


Gom- 
preaaion. 


TenBion. 


Maxima. Minima. 


1 


+ 7-16 


+ 2-14 


1 
- 0-42 + 8-52 


- 1-66 


+ 9-44 


+ 9-44 


- 1-66 


2 


- 


- 


- 389 + 3-20 


- 4-34 


+ 4-60 


+ 4-60 


- 4-34 


8 


+ 7-16 


+ 4-27 


+ 9 37 




+ 1001 


+ 1001 


+ 4-27 


4 


- 716 


- 2-14 


- 8-52 + 0-42 


- 9-44 


+ 1-66 


- 9-44 


+ 1-66 


5 


+ 14-81 


+ 6-14 


+ 14-67 




+ 14-87 


+ 14-87 


+ 614 


6 


- 716 


- 4-27 


- 9-37 


- 1001 




- 10-01 


- 4-27 


7 


+ 14-31 


+ 8-55 


1 + 15-69 




+ 15-44 


+ 15-69 


+ 8-55 


8 


- 14-81 


- 6-41 


- 14-67 I 


- 14-87 




- 14-87 


- 6-41 


9 


+ 21-47 


+ 10-68 


1 + 21-15 




+ 20-29 


+ 21-47 


+ 10-68 


10 


- 14-81 


- 8-55 


- 15-69 ; 


-1544 




- 15-69 


- 8-55 


11 


+ 21-47 


+ 12-82 


+ 22-32 




+ 20-86 


+ 22-32 


+ 12-82 


12 


- 21-47 


- 10-68 - 21-15 


- 20-29 




- 21-47 


-10-68 


18 


+ 28-63 


+ 14-95 + 27-97 




+ 25-71 


+ 28-63 


+ 14-95 


14 


- 21-47 


- 12-82 


- 22-32 


- 20-86 




- 22-32 


- 12-82 


15 


+ 28-63 


+ 17-09 


+ 29-32 ' 


+ 26-28 


+ 29-32 


+ 17-09 


16 


-28-68 


- 14-95 


- 27-97 


- 25-71 




-28-63 


- 14-95 


17 


+ 85-78 


+ 19-23 


+ 32-21 


+ 28-45 


+ 35-78 


+ 19-23 


18 


-28-63 


- 17-09 


-28*63 


- 25 77 




-28-68 


- 17-09 


19 


+ 35-78 


+ 21-36 








+ 35'78 


+ 21-36 


20 


-85-78 


-19-28 


1 






-35-78 


-19-23 


21 


+ 42-94 


+ 23-50 








+ 42-94 


+ 23-50 


22 


-85-78 


- 21-36 








-35-78 


-21-86 


28 


+ 42*94 


+ 25-63 








+ 42-94 


+ 25-63 


24 


- 42-04 


-23-50 








-42-94 


-28-50 


25 


+ 50-10 


+ 27-77 


1 






+ 5010 


+ 27-77 


26 


-42-94 


-25-63, 

1 






-42-94 


-25-68 
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Table LXXVIIl. 

Side Spahb.— Table of Stbxsseb im Cbobds ob Booms in Toms. 





/I .o^ T 


Gaaell. 


Gasella. 


Case III. 






Number 
of bay. 


UiiRe I. 

Span XL fully 

loaded. 


Spans I. and 
U. fully 


Spans I. and 
n.AiIly loaded. 


Spans L and 
III. ftiUy 


Maxima. 


Minima. 




loaded. Span I. 
+ 246-23 


Span III. 


loaded. 






25-27 


+ 196-00 


-f 171-50 


-f 164-15 


-f- 246 23 


•\- 16415 


26-28 


- 196-00 


-246-23 


- 171-50 


- 164-15 


-246-23 


- 164-15 


27 


+ 178-85 


+ 219-55 


■f 154-35 


+ 139-53 


+ 219-55 


-1- 139-53 


28 


- 18008 


- 221-60 


- 156-80 


- 141-58 


- 221-60 


- 141-58 


29 


+ 14700 


+ 170-31 


+ 124-95 


+ 94-39 


+ 170-31 


+ 94-39 


30 


- 148-23 


- 172-36 


- 124-95 


- 96-44 


- 172-36 


- 96-44 


31 


+ 117-60 


+ 125-06 


•if 95-55 


+ 53-35 


+ 12506 


-h 53-35 


32 


- 118-83 


- 127 22 


- 98-00 


- 55-40 


- 127-22 


- 55-40 


33 


+ 90-65 


+ 84-13 


-1- 71-05 


-1- 16-42 


+ 90-65 


+ 16-42 


34 


- 91-88 


- 86-18 


- 7105 


- 18-47 


- 91-88 


- 18-47 


35 


+ 66-15 


+ 47-19 


•¥ 46-55 


- 16-42 


+ 66-15 


+ 16-42 


36 


- 67-38 


- 49-25 


- 49-00 


+ 14-36 


- 67-38 


-h 14-38 


37 


+ 44-10 


+ 14-36 


+ 26-95 


- 4514 


- 45-14 


-h 44-10 


38 


- 45-33 


- 16-42 


- 26-95 


+ 4310 


- 45-33 


+ 43-10 


39 


+ 24-50 


- 14-36 


-f 7-35 


- 69-76 


- 69-76 


-f- 24-50 


40 


- 25-73 


+ 12-31 


- 9-80 


+ 67-71 


-f. 67-71 


- 25-73 


41 


+ 7-35 


- 38-99 


- ^35 


- 90-28 


- 90-28 


-f- 7-35 


42 


- 8-58 


+ 36-93 


+ 7-35 


+ 88-23 


+ 88-23 


- 8-58 


43 


- 7-35 


- 59-50 


- 2205 


- 10670 


- 106-70 


- 735 


44 


+ 613 


+ 57-45 


-1- 19-60 


-H04-65 


■f 104-65 


-f- 6-13 


45 


- 19-60 


- 75-93 


- 31-85 


- 119-01 


- 119-01 


- 19-60 


46 


+ 18-38 


+ 73-87 


+ 31-85 


+ 116-96 


+ 116-96 


+ 18-38 


47 


- 29-40 


- 88-23 


- 41-65 


- 127-22 


- 127 22 


- 2940 


48 


+ 2818 


+ 86-18 


-1- 39-20 


+ 125-06 


+ 125-06 


-f. 2818 


49 


- 36-75 


- 96-44 


- 46-55 


- 131-32 


- 131-32 


- 36-75 


50 


+ 35-53 


+ 94-39 


-f- 46-55 


+ 129-07 


-f 12907 


-f- 35-53 


51 


- 41-65 


-100-54 


- 51-46 


^H^M flHB ^^^H 

- 131-32 


- 131-32 


- 41-65 


52 


+ 40-43 


+ 98-49 


-1- 49-00 


+ 129-07 


+ 129-07 


+ 40-43 


53 


- 44-10 


- 100-54 


- 51-46 


- 127-22 


- 127-22 


- 44-10 


54 


+ 42-88 


+ 98-49 


■■^B ^^^B ■■■ 

■f 51-46 


+ 125-06 


-h 125-06 


-h 42-88 


55 


- 4410 


- 96-44 


- 51-46 


- 11901 


- 119-01 


- 44-10 


56 


+ 42-88 


+ 94-39 


+ 4900 


+ 116-96 


-1- 116-96 


-f- 42-88 


57 


- 41-65 


- 88-23 


- 46-55 


- 106-70 


- 106-70 


- 41-65 


58 


+ 40-43 


+ 86-18 


-1- 46-55 


-f 104-65 


-f- 104-65 


-J- 40-43 


59 


- 36-75 


- 75-93 


- 41-65 


- 90-28 


- 90-28 


- 36-75 


60 


+ 35-53 


+ 73-87 


-f- 39-20 


+ 88-23 


-f- 88-23 


+ 35-53 


61 


- 29-40 


- 59-50 


- 31-85 


- 69-76 


- 69-76 


- 29-40 


62 


+ 28-18 


+ 57-45 


4- 31-85 


-t- 67-71 


+ 67-71 


-h 28-18 


63 


- 19-60 


- 38-99 


- 2205 


- 45-14 


- 4514 


- 19-60 


64 


+ 18-38 


+ 36-93 


■f 19-60 


+ 4310 


-f- 43-10 


-h 18-38 


65 


- 23-50 


- 46-52 


- 25-63 


- 53-68 


- 53-68 


- 23-50 


66 


+ 13-48 


+ 26-67 


-f 14-70 


-f. 30-78 


■f 30-78 


+ 13-48 


B.mt \ 
at centre j 


44-60 


10500 


48-40 


132-7 






foot- tons 


foot-tons 


foot-tons 


foot-tons 






B. mt. \ 
at piers / 


1943-40 


2334-00 


183300 


160800 






foot-tons 


foot-tons 


foot-tons 


foot- tons 







^ — ^ ^ signifies point of contra- flexure. 

m^ • mm • mmm sipilfies ccntro between points of contra-flexure. 

+ Tension. — Compression. 
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Table LXXIX. 

Side Spans. — Suhkaay of Stresses in Lattice Bars in Tons. 



No. 

of 

bar. 


Evenly distributed live 
and dead load stresses 
doe to unequal load- 
ing of spans. 


Stresses doe to the dead 
load and the distri- 
buted moving load. 


Stresses due to the dead 
load and the concen- 
trated load of the 
traction engine. 


Total final stresses. 


27 


-42-94 


-25-63 










-42-94 


-25-63 


28 


+ 46-52 


+ 29-91 






1 
1 




+ 46-52 


1 + 29-91 


29 


-39-36 


-25-63 






i 




- 39-36 


-25-63. 


30 


+ 42-94 


+ 25-63 


i 






+ 42-94 


+ 25-63 


31 


-35-78 


- 21-36 


1 


1 


-3578 


- 21-36 


32 


+ 39-36 


+ 25-63 




1 


+ 39-36 


+ 25-63 


33 


- 32-21 


-21-36 


i 


, 


-32-21 


-21-36 


34, +35-78 


+ 21-36 


' 


1 


+ 35-78 


+ 21-36 


35 -28-63 


-17-09 


- 25 03 1 


-23-50 




-28-63 


- 17-09 


36 +32-31 


+ 21-36 




+ 28-61 
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+ 15-53 


+ 8-55 


47 


- 7-16 
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- 4-19 
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+ 9-76 
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- 3-58 


+ 2-14 
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- 3-58 
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55 


+ 10-74 
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+ 2-14 


56 - 7-16 
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+ 15-25 


+ 4-27 
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- 12 51 
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+ 18-24 


+ 6-41 


60 -14-31 


- 4-27 


- 1503 




- 15-25 1 


- 15-25 


- 4-27 


611 +21-47 


+ 8-55 




+ 21-64 


1 +20-76 


+ 21-64 


+ 8-55 


621 -17-89 


- 6-41 


- 18-24 




- 18-00 


- 18-24 


- 641 


63 +25-05 


+ 10-68 




+ 25-03 


+ 23-50 


+ 25-05 


+ 10-68 


64 -21-47 


- 8-55 


-21-64 


1 


-20-76 


- 21-64 


- 8-55 
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Tablb LXXX. 

Cemtbal Span. — ^Table op Sections bbquibbd and pboyided in Liltticb Babb. 
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4 
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6 
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Pro- 

Tid«d 
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2-43 


3-90 


1-39 


3-30 


5 


2-00 


2-43 


3-90 


5 


2-98 


2-8 


3-57 


5 


314 


2-8 


5-31 


5 


4-30 


2-8 


5-60 


5 


4-46 


2-8 


7-67 


5 


5-73 


2-8 


7-96 


5 


5-86 


3-2 


8-95 


5 


7-16 


3-2 


8-95 


5 


7-16 


3-2 


U18 


5 


8-60 


3-2 


11-18 


5 


8-60 


3-5 


12-27 


5 
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3-5 


12-27 


3-5 


12-27 



6-00 

6-00 
500 
600 
5-00 
600 
5-00 
6-00 
5-00 
6-00 
5 00 



2-36 

1-15 

2-5 

2-36 

3-72 

2-50 

3-92 

3-72 

5-37 

3-92 

5-58 



800 1 5-37 



7-50 
8*00 
7-50 



7-16 
5-58 
7-33 



11-40 I 716 



900 
11-40 

9-00 
11-40 
12-25 
11-40 
12-25 



8-95 
7-16 
8-95 
8-95 

1074 
8-95 

10-74 



Pro- 
vided 
sq. in. 



12-25 12-53 



1300 
13-00 



10-74 
10-74 



4*81 

4-81 
4-81 
4-81 
4-81 
4-81 
4-81 
7-21 
7-21 
7-21 
7-21 

7-21 

9-42 
7*21 
9*42 

9-42 

10-99 
9-42 
10*99 
10-99 
12-56 
10-99 
12-56 



130 10-74 12-56 



1313 
12-56 
12-56 



Dimension of section 
of ban. 



at 10} I 



It 



♦» 



»» 



V* 



»» 



»» 



•» 



*l\ 



2 channel bars 
X 2f " X A" 
Ibe. per foot 
Ditto 
2 ban 6" X } 
same as (1) 
(3) 
(1) 
(3) 

(1) 
(3) 

(1) 
(3) 
channel ban 5| 
X 2ft" X 1" At 13 
lbs. per foot 
2 ban 6" X f" 
same as (12) 
n (13) 
[2 channel ban 6}" 
X2ft"xji"at 19 
lbs. per foot 
2 ban T x f" 
same as (16) 
„ (17) 
H (16) 
2 ban 8" x |" 
same as (16) 

». (21) 

I channel ban 

X 3J" X f" at 

lbs. per foot 

same as (21) 

(24) 

(24) 



n 



»» 



► 
e* 



8 

8 

8 

8 

8 

8 

8 

12 

12 

12 

12 

12 

12 
12 
12 

12 

14 
12 
14 
14 
16 
14 
16 

16 

18 
16 
16 
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-39-36 
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12-56 




16 






30 
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12-25 


10-74 
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16 






31 


-85-78 


3-2 


11-18 


11-40 


8-95 


10-99 




14 






32 


+ 89-36 


5-0 


7-87 


12-25 


9-84 
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16 
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-32-21 
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11-40 
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14 
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+ 89-78 
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14 
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13 
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+ 28-63 
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7-16 


9-42 




12 






19 


- 2147 
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7-67 
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5-37 


7-21 




12 






40 


+ 25-05 
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5-01 
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6-26 


9-42 




12 






41 


-18-35 
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6-56 


8-00 
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12 






42 
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4-29 
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5-37 


7-21 




12 






43 


-15-53 
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5-55 
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4-81 
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44 
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12 
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- 12-69 
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46 
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47 
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Pressnre on Expansion Boilers. — The maximum pressure at 
abutments occurs when the spans I. and III. are completely 
loaded, and it equals 47 tons on each bearing. 

Three rollers are provided, each 2 feet long by 2 feet deep 
and 4i inches wide ; the pressure per lineal inch is therefore — 

47 X 20 ^. . 

72 ~ ^ 

The maximum pressure on the piers occurs when the spans 
I. and II. are completely loaded, and equals 155 tons on one 
bearing. 

Seven rollers are provided, each 2 feet long by 2 feet deep 
and 4 inches wide ; the pressure per lineal inch is therefore — 

155 X 20 ,^ _^ 
-jg^ = 19cwt. 

With such a small resistance the girders will expand most 
freely. 

The main girders are fixed on pier I., and rest upon the 
expansion rollers at the other supports. 

For a variation of ± 60'' Pahr., the expansion may easily be 
shown to be 0*68 inch on No. 1 abutment, and 1*57 inch on 
No. 2 abutment. 

The saddle pin on the expansion rollers over the piers is 
2 feet 4 inches long, and 4i inches diameter; hence the 
pressure per lineal inch of pin is — 

155 

— = 5-57 tons 

The pressure per square inch is — 

5-57 

-7— = 1-21 ton 

4-75 

Pressure on Foundations. — Siver Piers. 

Load on one cylinder when the superstracture in fuUy loaded 156 tons. 
53 feet 1} inch of wrought-iion cylinder with concrete at.37*75 

cwt. per foot run ... ... ... »., ... 100 „ 

Bracing taken at 2 cwt. per foot run ... ... ... 5 



Total weight on bottom of wronght-iron cylinder ... 261 



♦» 



M 
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The pressure on bottom of wrought-iron cylinder 6 feet in 

261 
diameter = = 9*23 tons per square foot. 

28-27 
Load on cast-iron cylinder— 

GoDsisting of the load on the bottom of wrougl it-iron cy Under 261 tons. 
1 6 feet of caat-iron cy Under with concrete at 41 -7 owt . per foot run 33 ,« 



Total weight on the bottom of cast-iron cylinder ... 294 „ 

Pressure on the bottom of the cast-iron cylinder 6 feet in 



diameter = 



294 



= 10*4 tons per square foot. 



28-27 
Land Piers or Abutments. 

Load on one cylinder when the superstructure is fuUy loaded... 
14 feet 1} inches of wrought-iron cyUnder with concrete at 

21*6 cwt. per foot run 
Bracing at 2 cwt. per foot run 
52 feet of cast-iron cyUnder with concrete at 24'8 owt. per foot run 

Total weight on bottom of cast-iron cylinder 

Pressure on the bottom of the cast-iron cylinder 4 feet G 



47 tons. 

15 ,. 

1 ,. 

64 ,, 



127 



inches in diameter = 



127 
15-9 



= about 8 tons. 



These pressures are not excessive, as the foundations are of 
sound rock. 

The following table gives the quantities of materials used in 
the bridge which it would be most convenient to include in the 
contract for supplj' and delivery : — 



TABLE LXXXII. 



Description. 



Cast iron in cylinders, handraU brackets, ladder bracing 
Cast iron in bed-plates, saddle-plates, rollers, caps, and blocks 
Wrought iron in cylinders and bracing, including rivets 
Wrought iron in main girders (including steel L covers), cross- 
girders, pockets, scuppers and wind bracing, and rivets 
Wrought iron in rolled girders and straps of approach spans 
Wrought iron in handrail standards and black bolts 
Wrought iron in turned bolts and set screws 

Steel in turned pins 

Pig lead for lewis bolts 

Sheet ditto 

Gkis-pipe handraihs 

Paint, us specified, two coats 
Lamp-posts, with lamps, complete 



Qnantittes. 



ton p. cwt. qre. Ibe. 

92 15 16 

14 4 3 2 

59 17 2 

254 17 26 



18 
6 
1 






10 
14 
18 
11 
9 
3 
19 



2 
2 
2 
3 



26 
8 
8 
8 



1 16 
4 
3 9 



Y 
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The following table gives the quantities of materials which 
should be included in the erection of the bridge. 



TABLE LXXXIII. 



DMcripUon. 



Fixing and sinking oast-iron cylinders, complete 

ExcaTating in cylinders, other than rock 

Excavating in cylinden in rock 

Concreting cylinders 

Granite or blue stone in bedstones, set 

Fixing wrought iron in cylinders and bracing, complete 
Fixing cast iron in bed-plates, saddle-plates, rollers, caps, and^ 

DlOCJuS •■■ ■■• ••• ••« ••■ ... ••« ••■ 

Fixing wrought iron and steel in main girders (including oast 
iron in ladder bracing^ cross-girders, wind bracing, scupper 

and pockets, bolts, ana set screws 

Fixing wrought iron in rolled girders of approach spans 
Fixing handrail, including wrought-iron and cast-iron brackets 
s ixing leao ■•■ ••■ •■* ••■ ••• ■•* •«• •■■ 
tiawn timber in longitudinal girders, timber packing pieces,!^ 

cross-girders, and planking / 

Hewn timber in kerbs and sills 

Tar, one coat 

„ three coats 
Paint, as specified, two coats 

„ „ three coats, includinflr stopping and filling ... 
Excavation for abutments other than rook, including un watering 
Concrete for abutments 

JjILUoUU* Y %• ■•• ••• ••• •»• *■- ■■■ 

Hand-packed rubble, as specified 

Carriage of ironwork to site of bridge 



Qoaotltie*. 



tons. owi. qn. Il>8. 
91 8 19 
142} cub. vards 

11* „ " » 
8551 „ „ 
265 „ feet, 
tons. cwt. qre. lbs. 

61 1 1 15 



14 4 S 



•> 



25C 9 20 

18 10 2 26 
7 2 3 
12} cwts. 

4886 cub. feet 

520 ,. „ 



90} cub ysrda 

44} 

136i 

172} „ „ 
totm. cwt. qra. lbs. 

449 8 2 21 



*> 
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CHAPTER XXII. 



SWING BBIDGES. 



Among the most important class of movable bridges are 
those known as swing bridges. These may be classified ac- 
cording to the method adopted for supporting their weight 
during the process of swinging, thus — 

(A) Bridges entirely supported on rim-bearing turn-tables 
consisting of a circular roller path, with a ring of conical rollers, 
upon which rests a circular girder carrying the main girders 
of the bridge. 

{B) Bridges supported on a centre-bearing turn-table, con- 
sisting of a central pivot, or a nest of one or more series of 
conical rollers, with or without a ring of live rollers, or two or 
more wheels for steadying the bridge during the process of 
opening. The weight may be proportioned in this class of 
bridge so as to partly rest on the central pivot and partly on 
the live rollers. 

((7) Bridges which are partially or completely lifted by means 
of a central hydraulic press, and turn on a water centre or on 
a spherical pivot. 

(D) Floating swing bridges, in which the load upon the ring 
of live rollers or central pivot is buoyed up by means of a 
hollow caisson which carries the bridge, so that only a portion 
of the load rests upon the pivot or rollers. 

Class A. — This class of bridge is constructed with two canti- 
levers of equal or unequal lengths ; in the former case one arm 
balances the other, in the latter the shorter arm must be loaded 
so as to balance the longer. 

An example of this kind of bridge occurs at Goole over the 
river Ouse,^ in which the two arms are each 100 feet in length, 

> VoL IviL Proc, Intt. C.E., paper by J. Price, MlneiCE. 
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Other examples exist at the entrance from Alfred Dock ta 
East Float, Birkenhead, the entrance to Alfred Dock/ the river 
Hull south bridge,^ and in numerous highway bridges over 
navigable rivers. The bridges mentioned are moved by 
hydraulic power, but the special design of this class of bridge 
has very little to do with the motive power used for swinging it, 
whether hydraulic, steam, or hand power. It frequently happens 
that hand-power is the only means available for rotating the 
bridge. 

It is important in this class of bridge that the weight should 
be equally distributed over the live rollers, so that they may 
work with the minimum friction. The main girders generally 
rest upon the circular girder at four points, which arrangement 
does not distribute the weight with sufficient equality over the 
rollers. It is much better to divide the weight equally over six 
equidistant points. This matter will be further illustrated. 

CIm% B. — This class includes a large number of important 
swing bridges. The central pivot may be arranged to carry the 
whole of the weight, but the more usual proportion is from two- 
thirds to three-quarters. 

The bridge over the Earitan ^ erected by the Keystone Bridge 
Company, Philadelphia, from the designs of Mr. J. H. Linville, 
is 472 feet long, with two passages each 216 feet. 

The total dead load is 4500 lbs., and the live load 2500 
lbs. per foot run. The load upon the central pivot may be 
regulated to any desired extent by means of the suspension 
bolts. Before being swung, the bridge is lifted by four hydraulic 
rams to a height of 4 inches clear of the abutments, and while 
being closed it is lowered directly on to the abutments, so that 
wedges or other modes of setting up are unnecessary. 

The bearings are adjusted to such a height that each carries 
half the weight of the bridge ; the lower chords are parted in the 
centre, and a slotted link connection is used in the top chord, 
so that the bridge acts as two cantilevers while being swung, and 
as two independent girders when resting on the abutments. 
In this way the disadvantages of a long continuous girder are 
overcome, and the end does not rise when a heavy train 
approaches from the other end of the bridge, producing a hammer- 
like action of the main girder on the abutments. To overcome 

* Vol. Ivii. Proe. Inst, C.K, paper by J. Price, M.Iii8t.C.E. 
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this difficulty, latching apparatus is sometimes provided for 
fixing the ends when the bridge is closed. 

The Kansas city bridge consists of two openings each 160 
feet, and is set up on the abutments by means of sliding wedges. 
Both these bridges are moved by means of steam power. The 
Hawarden bridge over the river Dee, England, includes a swing 
«pan 284| feet long, forming openings 87 and 140 feet long 
respectively.* The main girders are of steel 32 feet deep over 
ihe centre of the swing pier, 9i feet deep at the ends. The 
girders are lattice, divided into panels 17 feet long, with single 
triangulated vertical and diagonal members, pxcept over the 
pivot, where the members cross each other. The top booms are 
curved, and the bottom booms horizontal, of trough-shaped section. 
The cross-girders are spaced 17 feet centres, and are 29 inches 
deep over the angle irons. The weight per square foot of the 
deck is 38 lbs., including brackets and gangway plates, but 
exclusive of the permanent way. The main girders were built 
without camber, and provision was made in the lifting apparatus 
at the tail end for taking out the deflection which occurs when 
the longer end is unsupported, so that the stresses in the girder 
due to its own weight are removed as much as possible. 

The weight of the tail end is made 15 tons heavier than the 
longer end by loading it, and the load upon the central pivot 
is regulated by means of suspension bolts acting on the pivot 
cross-bearing girder which supports the bridge over the pivot 
pier, so that the whole or any portion of the total load of the 
swing span may be thrown upon the central pivot. The bridge 
has a slight bascule movement for the purpose of lifting the fore 
ends out of their bearing sockets, which is effected by lowering 
the tail ends by means of two rams, each 25 inches in diameter 
and 8f inches stroke, capable of supporting and lifting 300 tons. 
Pour rollers of cast steel 3 feet in diameter are provided, two 
under each end of the main bearing girder, and directly under 
the main girders on the pivot pier. The rollers revolve in 
wrought-iron carriages upon fixed radial axles. Two cast-steel 
rollers, also 3 feet in diameter, are arranged at the tail end, one 
under each main girder, which carry the preponderating load 
only, viz. 15 tons. 

A solid bearing pivot was adopted in preference to a 
hydraulic ram or water-bearing, as, the necessary vertical move- 

> Vol. o?iil Proc. Inst. C.E., paper by F. Fox, M.In8tC.E. 
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ment of the bridge beiog provided for, a ram was not necessary. 
The cup-and-ball pivot is 80 inches in diameter, of forged 
wrought iron, case hardened, which provides for both rotating 
and bascule movement. The lubricant used is heavy cylinder 
oil, which is injected into the bearing about once for every 
three swings. The weight resting on the pivot is 732 tons 
while the bridge is being turned, and the average pressure per 
square inch about 1 ton ; the maximum pressure at the centre 
is, however, much greater, as the radius of the cup is \ of f.n 
inch larger than that of the ball. 

The bridge is moved by two single-acting hydraulic rams 
securely attached to the solid brickwork of the main pier. The 
slewing drum is 32 feet in diameter, and forms a part of the 
main bearing girder. The tail-end rollers are fitted with a 
winch gear and brake, in order that the bridge may be opened 
and closed by hand. The bascule movement of the bridge is 
utilized in mechanically locking it in position when closed, and 
for closing the space which would otherwise occur between the 
ends of the rails on the moving and fixed portions of the bridge. 
The important moving parts of the bridge .are interlocked 
with the signals on the railway. The opening of the bridge 
requires the following operations: (1) Lifting the tail end of 
the bridge 4 inch by the tail-end rams ; (2) withdrawing the 
sliding bearing blocks from under the tail ends ; (3) lowering 
the tail-end rollers; and (4) setting in motion the rotating 
rams. 

ClasB C. — This class of bridge, which is made to turn entirely 
on a long central pivot of conical form, is used largely in Hol- 
land. It is necessary for the roadway to be sufficiently high 
above the water-level to allow of the necessary length of the 
pivot, and also for the main girders to be arranged below 
the roadway, keeping the centre of gravity below the point 
of support. The foundations must be good, as any settle- 
ment might cause the bridge to jam so that it could not be 
turned. 

Class D. — This class of bridge is used largely in connection 
with the entrances to docks. The bridge is arranged so as to 
be out of balance, and is supported in the centre upon an 
hydraulic press and at the tail end upon wheels. When the 
centre is raised, the bridge tilts over until the wheels on the tail 
end come in contact with the tram plate. The tail end may tilt 
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upwards or downwards; in the former case the tram plate is 
inverted. The central pivots are made spherical^ but the bridge 
actually turns on a water-centre. Examples of this class of 
l)ridge exist at the Albert Dock, Hull ; the West India Docks, 
London ; the Leith bridge, England ; and the Marseilles bridge, 
France. 

Another example of this class of bridge is the swing bridge 
of Le PoUet (Dieppe).^ This bridge was necessitated by the 
New Dock Works, Dieppe, and crosses a waterway 131 feet 
wide. The longer arm of the bridge, when swinging, is 154 
feet, and the shorter arm 77 feet. The main girders are 80 feet 
deep over the pivot, with horizontal bottom booms and curved 
top booms of trough-shaped section. The panel length is 16 feet, 
with vertical posts and diagonals, in both directions. The total 
weight of the bridge swinging is 800 tons, and the ballast weighs 
234]^ tons, or 20 tons more than is necessary to counterbalance 
the bridge. The deflection of the long end in swinging is 
4^ inches. The bridge, when in use, rests on three sets of 
bearings, viz. at the tail end and on the passage walls, being 
clear of the pivot. When turning it is carried on a hydraulic 
plunger, and the excess weight at the tail end rests by two pairs 
of rollers on the rail track. The opening of the bridge requires 
the following operations: (1) The cylinder under the pivot is 
opened to the pressure water, and the plunger-head brought 
in contact with the bridge. The bridge does not yet lift, as the 
area of the plunger is only proportioned to 624 tons. (2) Pres- 
sure is opened in two hydraulic cylinders placed one imder each 
main girder near the tail end of the bridge. The bridge is now 
lifted from its bearings, and is water-borne on three cylinders. 
(3) The supports under the tail end are withdrawn by means of 
a small hydraulic cylinder operating through a crank and 
connecting rod. (4) Pressure is withdrawn from the two lifting 
cylinders at the tail end. The bridge now falls again, and, 
owing to the overbalance, tilts backwards until the rollers at 
the tail-end rest on the rail, the central plunger sinking to the 
bottom of its cylinder, where it rests upon a steel ring let into 
the bottom of the casting. (5) The bridge is now swung by the 
usual hydraulic arrangements. The weight is thus divided in 
turning between the water pressure, which carries 624 tons, the 

^ Annalet des PonU ei Chau8$^es, December, 1891, p. 584; abstract, yol. cix., 
p. 416, Proe. Inst. C,E. 
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steel ring in the cylinder carrying 156 tons, and the rail track 
at the tail carrying 20 tons. In closing the bridge these 
operations are reversed. The opening or closing takes usually 
from two to three minutes, although it can be done in one 
minute and a half. 

The large swing bridge over the Tjme, at Newcastle, cannot 
be included strictly in any of the foregoing classes. This bridge 
is supported and turned on a water-centre at a constant level, 
acting as a relieving, not a lifting, pivot. It is in every respect 
a most satisfactory structure. 

In designing a swing bridge, whether for road or railway 
traffic, it is necessary to reduce the dead weight of the moving 
portion of the bridge, in order to reduce the frictional resistances 
to turning, which are proportional to this weight. 

Steel is obviously the best material to use for the moving 
portion of a swing bridge, and the tensile working stresses in 
the various members of the structure when closed should be 
determined in the manner explained in Chapter I. for ordinary 
bridges. The compressive working stresses may be determined 
by the formulae given in Chapter XII. When the bridge is being 
swung, the stresses in the various members of the structure are 
due to the dead load only ; but, since in starting and stopping 
there is a certain amount of impact, it is desirable to adopt the 
rule given by Mr. T. Cooper in his specifications, viz. — 

"For swing bridges and other movable structures, the 
dead-load unit stresses during motion must not exceed three- 
fourths of the unit stresses for dead load on stationary 
structures." 

In the Hawarden bridge the working stress in tension was 
6^ tons, and in compression 5 tons. 

As to whether the main girders should be made continuous 
or discontinuous over the swing pier will depend upon the width 
of the openings provided, and the live load upon the bridge, as 
well as the method proposed for fixing the ends. In an ordinary 
highway bridge with two openings, each 60 feet, there is no 
reason why the girders should not be made continuous, and in 
railway bridges of greater length the girders may be made 
continuous, provided that the ends are securely fixed in position 
when the bridge is closed. If the ends of a long railway swing 
bridge merely rests upon the supports at the ends, the tendency 
of a heavy engine entering the bridge at one end is to raise the 
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other end, and it is necessary to make proper provision at the 
ends to resist this tendency, or the girders should be made 
discontinuous when closed by hinging them over the swing pier, 
and connecting the girders to a vertical post over the hinge by 
means of tension bars, which are brought into action when the 
bridge is moving, or the same method may be adopted as that 
described for the Baritan bridge. 

It is very important that provision should be made in all 
swing bridges, which are not lifted mechanically before turning, 
for taking out the droop of the girders when turning, such as a 
toggle joint hydraulic lifting arrangement, as in the Ouse bridge, 
or a cam worked by hand-gear in ordinary hand-power bridges, 
or the methods adopted in the Hawarden and the Le PoUet 
bridges may be used. 

If the end drop or deflection is not taken out by some means, 
the stresses due to the deflection must be added to those pro- 
duced by the live load, which is unsatisfactory in every way. 

The frictional resistances during turning in bridges where 
the whole of the load is carried on a ring of live rollers, will 
depend to a large extent upon the equal distribution of the load 
over these rollers, and distributing girders should be arranged 
between the underside of the main girders and the circular 
girder immediately above the live rollers, in order to distribute 
the load equally over six equidistant points of the circular 
girder. 

On Plate lY. are shown details of a design for a swing bridge, 
with a roadway 18 feet wide and two openings each of 60 feet in 
the clear. The main girders are of the lattice type 21 feet 
4 inches between centres, and 152 feet over all, the depth at 
centre being 7 feet, and at the ends 5 feet effective. The boom 
sections are formed of steel T bars and flange plates 2 feet wide 
of wrought iron, and the web consists of wrought-iron lattice 
bars and U irons braced to form struts, the central 14 feet 
6 inches being plated and stiffened over points of support and at 
the centre. At each lower apex is a wrought-iron cross-girder, 
resting on a saddle secured to main girder, and carrying seven 
longitudinal timber stringers, to which is spiked the 4-inch 
diagonal planking forming the roadway. 

At the centre the main girders are secured each to two 
wrought-iron stools 12 feet 4 inches apart, while the ends, when 
the bridge is closed, are raised and supported on cast-iron cams. 
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The conditions for calculation are therefore those of a continnous 
girder, with two side spans of 70 feet and a central span of 
12 feet 4 inches, the side spans acting as cantilevers when the 
bridge is swinging. The girders are designed for a distributed 
live load of 84 lbs. per square foot, and a concentrated rolling 
load of 16 tons on a 10-feet wheel base. To minimize the 
deflection at ends when the bridge is open, an excess of area is 
provided throughout. 

In accordance with the most recent practice, particular atten- 
tion has been given to the method of distributing the weight 
of the superstructure evenly on to the rollers. These are of cast 
iron, thirty-two in number, 18 inches diameter, and 6 inches 
face, revolving round a central pivot, and carrying a wrought- 
iron annular girder 21 feet 4 inches diameter, to which the 
weight of the superstructure is delivered at six equidistant 
points. As shown on diagrams. Plates IV., IVa, IVfc, and IW, 
each main girder rests on two stools, secured each to a longi> 
tudinal distributing girder, one end of which is carried by 
a stool on the annular girder, and the other by the transverse 
distributing girder. The position of the stools under the main 
girders is such that one-third of the load is delivered direct 
from each to the annular girder, and two-thirds to the trans- 
verse distributing girders, and by them to the annular girder. 
By this means, if W be the weight on each stool, two-thirds of 
W is taken at each of the six points. When the bridge is 
swinging, the total load on rollers due to superstructure, in- 
cluding the weight of distributing arrangement, etc., is 173 
tons ; so that the pressure on rollers is 18 cwt. per lineal inch 
of face. Secured to the upper annual girder and to a casting 
which revolves round the pivot are six radial distance girders of 
light section. The rollers are conical, with axes terminating at 
the centre of the pivot at a point in the same horizontal plane 
as the upper surface of rollers. The roller tracks are of cast 
iron in twelve segments, and special arrangements have been 
made for obtaining a perfectly level surface, when erectilig the 
lower track, by means of steel adjusting wedges and iron cement. 
For horizontal adjustment a fine circular grove is cut in the 
track, and a single roller rotated until its inner edge coincides 
with the grove throughout. To allow of the rollers being run 
in or out, each roller rod is fitted with an adjustable gun-metal 
bush on which the roller revolves. The joints in tracks are 
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made diagonal in order to distribute the pressure over two 
segments. 

The machinery for operating the swing span is carried on 
a platform on the outside of the downstream main girder, and 
is worked from the deck of the bridge, both lifting and turning 
gear being driven from the same handle. The machinery for 
lifting the ends has been designed for a deflection of 2 inches, 
and consists of bevel wheels and pinions operating a shaft which 
runs the whole length of the bridge, carried by brackets on the 
main girder. At each end of this shaft is a steel worm gearing 
into a phosphor-bronze wheel attached to a transverse shaft, 
with two cams of a 1-inch throw at each end working in cast- 
iron cam rollers, on which the bridge rests. These in turn are 
supported on cast-iron chairs over piers, provided with cast-iron 
bearing blocks fitted with wedges to allow of adjustment when 
erecting. To prevent over-winding, the second motion shaft is 
screwed for a portion of its length, and provided with two gun- 
metal stops and a gun-metal nut, with arms working in cast-iron 
guides bolted to the outer web of the main girder. 

By means of a clutch on the first motion shaft worked by a 
hand-wheel on the inside of main girder, the machinery for 
either lifting or turning the bridge may be thrown into gear as 
desired. The latter consists of gearing which operates a pinion 
E on a vertical shaft working into a rack secured to the lower 
annular girder. The rack is of cast iron in five segments, and 
allows for a movement through 150°. 

It is calculated that two men will be able to swing the bridge 
in four minutes, the operation of lifting occupying the same 
time. A tell-tale near the operating handle indicates the position 
of the bridge during opening and closing. 

The swing pier consists of six cylinders, 3 feet 6 inches 
diameter, spaced equidistantly round a circle of 21 feet 1^ inch 
diameter, and securely braced to each other and to a central 
cylinder carrying the pivot. 

The piers at ends of span are formed each of two cylinders 6 
feet in diameter, with diaphragm bracing. All the cylinders are 
of cast iron to high-water mark, above which they are of wrought 
iron, and they are filled with concrete. The bridge illustrated is 
suitable for light trafiic which does not include vessels of large 
size, but the piers would require to be protected by means of 
dolphins and guide i)iles, or a wrought-iron caisson filled with 
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concrete might be substituted for the six cylinders with advan- 
tage. The foundations are good in the case illustrated, but, if 
there was any likelihood of settlement, a much more substantial 
centrarpier would have been necessary. The dimensions of the 
girders may be verified by the student, the calculations being 
similar to those already illustrated. 
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CHAPTER XXIII. 



ARCHED AND SUSPENSION BRIDGES. 



The arch is more economical than the most economical truss or 
girder, considered merely with regard to the ratio of its carrying 
capacity to its own weight. This is seen when the weight of a 
bowstring girder is compared with an arched rib. In the bow- 
string girder, the curved member must be designed to resist the 
direct stresses developed in it, and the horizontal member the 
constant tensile stress. We have seen that for uniform loading, 
or for equal loads concentrated at each panel-point, there is no 
stress in the web bracing, but for partial loading produced by a 
passing train the web bracing will be stressed. The piers 
supporting the truss must be designed to carry the weight of the 
structure and the maximum load carried by it. If the ends of 
the curved member are made to abut against the piers or abut- 
ments the horizontal tie may be dispensed with, but the abut- 
ments or piers (if there is more than one span) must be made 
larger, in order that they may be capable of resisting the thrust 
produced by the end reactions of the curved rib. 

If the extra cost of the abutments is less than the cost of the 
tie, then the arch is a cheaper structure than the truss. 

In long spans the saving effected by dispensing with the tie 
and the bracing bars of the web is considerable, which is due not 
merely to their extra cost above the extra cost of the abutments 
and the lighter bracing of the arch, but to the fact that in the 
arched rib the load sustained is less by the extra weight of 
material necessary in the bowstring truss. 

The suspension bridge is the inverted form of the arched 
bridge, in which the tension in the suspended rib or cables 
corresponds with the compression in the arched rib. In either 
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case, if the rib is loaded in any way whatever, the correct form, 
in order that it may sustain the load without bending, is the 
equilibrium polygon for the load in question. 

Let Wi, Wa, Wi . . . W« (Fig. 852) denote a series of loads 
acting on a straight beam amh^ and let ahc ... A denote the 
equilibrium polygon for these loads obtained by drawing lines 
parallel to the strings in the force polygon, Fig. 853. Draw 





Fio. 352. 



Fic. 353. 



"the line H perpendicular to the load line, Fig. 358, represent- 
ing to the scale of the force polygon the horizontal component 
of the stress in ah. 

Then, by Culman's principle, the bending moment at any 
point in the beam, such as m, is equal to — 

drTi X H 

If we denote the bending moment at any point by SW«, and 
-the corresponding ordinate of the equilibrium polygon by V, 
tthen — 

2Wa; = HV, and V = ^ 

xl 

From this equation we observe that the height of the equi- 
librium polygon is inversely proportional to H. 

It may be shown that the form of the equilibrium polygon 
for loads distributed equally along the horizontal is a parabola, 
for loads equally distributed along the length of the rib it is a 
catenary, and for uniform pressure acting normally at any point 
dn a curve it is a circle. 

If the form of the arched rib corresponds with the polygon 
^&c . . . /i, there will be no bending stress upon it ; but if the 
system of loading produces an equilibrium polygon aft'c'dVA, the 
.arched rib will be subjected to bending stress. 
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Let V denote the ordinate of the polygon, and V that of the 
rib, and M the bending moment at the point m ; then — 

M = SWa; - HV 
but since SWa = HV 

M = - H(V' - V) 

The bending moment at any point of an arched rib for any 
eystem of loading is proportional to the difference between the 
ordinates of the rib and of the equilibrium polygon for that 
system of loading. 

This is perfectly general, and applies to arches with fixed and 
free ends. 

The loads upon an arched rib produce at any section — 

(1) A normal thrust which is uniformly distributed over the 
area of the rib at the section, its horizontal component being H. 

(2) A shearing stress at the section. 

(3) A bending moment H(V' — V) producing tension and 
compression on opposite sides of the neutral axis of the section. 

The direct compression, combined with bending, produces a 
distribution of stress over the section similar to that which has 
been shown to exist in short columns. The methods adopted in 
the foregoing investigations of the two-hinged arched rib, also 
the arched rib without hinges, is partly taken from Professor 
Burr and Professor Eddy.^ 

Let S = the shearing stress at any section. 
\V = any load upon the rib. 
M = the bending moment at any section. 
V = the vertical deflection of the rib at any section. 
V* = the horizontal deflection. 
a = the strain, extension, or compression in any fibre 
situated at a perpendicular distance unity above 
or below the neutral axis and parallel to it. 
n = the length of the parts into which the arched rib is 
divided; the smaller the value of n the more 
accurate the results. 
Then the following approximate equations may be used : — 

S = SW (1) 

il = SWaj (2) 

^ ''Stresses in Bridge and Roof Tnuses,*' by W. H. Burr; "Besearches in 
Graphical Statics," by H. T. Eddy. 
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From (2) and (5) we have- 



M: V::2W«:S^x 

EI 



»iM 



Hence in any equilibrium polygon in which := is used 

Jill 

instead of W, the ordinates will represent the deflections. 

In an arched rib with fixed or free ends, the depth should 

be made sufficient to enable it to retain its form under the 

partial distribution of the maximum live load. This is most 

conveniently done by dividing the material of the rib into two 

portions, placed one below the other, forming two arches united 
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together with suitable bracing. The finest example of the rigid 
arch occurs in the bridge over the Mississippi at St. Louis 
(see Fig. 854), which consists of three spans, 502, 620, and 502 
feet. Each span consists of four ribs, and each rib is con- 
structed with two steel tubes spaced vertically 12 feet apart 
centre to centre and united with bracing. The dead load per 
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lineal foot is 1 ton on each rib, and the live load produced with 
a crowd of people on a roadway and footpaths 52 feet wide, and 
two lines of rails underneath loaded with engines, is 0*8 ton 
per foot run on each rib. 

The total weight of iron and steel in one rib of the central 
span is 218 tons. The total weight of iron and steel in the four 
ribs, iDcluding vertical struts to roadway, and railways, wind 
bracing, etc., is about 1600 tons. The total cost of the entire 
bridge was £1,361,873. 

Four bowstring trusses of the same central span as the 
St. Louis bridge would weigh at least 500 tons more. The 
temperature stresses were calculated for an extreme variation 
of ± 80° Pahr. The maximum working stress allowed was 
13'4 tons in compression, and 8*9 tons in tension. 

As an example of an arched bridge hinged at the springing, 
we may select the Harlem Eiver bridge (Fig. 355), which 
consists of two steel arches, each 510 feet span, with masonry 
piers and abutments. Each span is constructed with six steel 
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ribs spaced 14 feet centres under the roadway, which is 80 feet 
wide, with two footpaths. The effective depth of the arched 
ribs is 12 feet. The bridge was designed for the following loads. 
Floor of Bridge. — A dead load 225 lbs. per square foot. 

A live load 100 „ „ „ 

Or a 20-ton steam roller. 
Arched Bibs. — A dead load of each rib 1*1 ton per foot run. 

A dead load of floors and paving 1*35 ton per 

foot run. 
A live load of 0*6 ton per foot run. 

z 
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A wind pressure of 5'4 tons per foot distributed 

in proportion to the exposed surfaces. 

The modulus of elasticity of the iron was assumed to be 

26,000,000 lbs. per square inch. Working stress in ribs, tension 

or compression, on gross area, 6*7 tons per square inch; 
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on net sections, 8 tons per square inch. Extreme variation of 
temperature, ± 75** Fahr. 
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Arched Eib hinged at the Springing. — The equilibrium polygon 
for any loads acting on an arched rib hinged at the springing 
and continuous at the centre may be determined in the following 
manner. 

Let A^i, e{a, • • • By Fig. 856, denote the neutral axis of the 
rib, which is 147 feet span, with a central rise of 20*5 feet. 

Let the centre line of the rib be divided into a number of 
equal parts, the length of which may be denoted by n, repre- 
senting the points of application of the loads upon the rib ; the 
smaller the distance between these divisions the more nearly 
will they represent a uniform load, and if the points of applica- 
tion are taken sufficiently near to each other, the distance n 
may be considered to have the same value whether measured 
horizontally or along the curve of the rib. We may consider 
the rib as one of a pair, spaced 16 feet apart centre to centre, 
in a bridge carrying a roadway 18 feet wide between the kerbs. 
The deck may be supposed to be secured to two longitudinal 
girders supported at the panel-points of the rib by means of 
vertical columns. Let the dead load concentrated at the panel- 
points of the ribs, 7*85 feet apart, be 6 tons, and the live load 
equivalent to 80 lbs. per square foot of roadway be 2*6 tons. 
Only one case of loading will be considered, viz. that in which 
each panel-point on the left half of the rib is loaded with the 
live and dead load, or 8'6 tons, and each panel-point on the 
right half with 6 tons ; the centre panel-point is loaded with 

JjL = 7-8 tons. As a matter of fact, the dead load is not 

2 

uniformly distributed horizontally, being greater towards the 

abutments. Draw the equilibrium polygon for this distribution 

of loads, GoiOsOs . . . H, Fig. 357, with an assumed polar 

distance EF, Fig. 858, setting off the loads on the vertical line 

XLY, Fig. 358, and draw the closing line of the polygon GH, 

Fig. 857. Now, since the extremities of the neutral axis of the 

rib A and B remain unchanged in position at the springing, 

whatever loads, producing deflections, act upon the rib between 

these points, it follows that the sum of all these deflections, 

both horizontally and vertically, between these points A and B 

must equal zero ; hence — 

B EI "" B EI "" 
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In consequence of the hinges, the ends of the rib may rise 
or fall vertically without affecting the conditions of bending, so 
that it is only necessary to consider the sum of the horizontal 
deflections — 

But since the neutral axis of the rib Adid^ . . . B may be 
considered as an equilibrium polygon for its proper load, denote 
its ordinates by M^, and the ordinates of the equilibrium 
polygon GaiOjOa ... H by Ma. Then we have seen that — 

M = - H(V^ - V) 

To draw the horizontal deflection polygon for the arched 
rib subjected to the bending moments denoted by Ma, we may 
treat it as a vertical beam fixed at C and loaded at points at 
a distance from C equal to the vertical heights of the points 
didi . . - above AB, using, however, the ordinates Ma in the 
same manner as loads in an ordinary equilibrium polygon. 

Assume C as the pole, and set off the ordinates Ma along a 
line D/9, parallel to AB, to a convenient scale, thus — make 

DA = a A + Mi9,/i/2 = ^^2-+_^^«^^ and so on. 

4 

Draw the lines from/1/2^ . . . ^ to C, also the lines from 

(lid^, etc., parallel to AB cutting CD. The intersection of the 

line from did^ with CD will be taken as one point in the 

deflection polygon, since the moments at A and B are zero. 

Draw hrii parallel to Gfi intersecting d^w in Wi, and w^na parallel 

to G/2 intersecting ^xr in ^> aoid so on, thus obtaining the 

deflection polygon hriin^ . . . n^. In a similar manner we 

obtain the deflection polygon hmiW^ . . . m^, using the ordinates 

Md instead of Ma and setting them off on the left of CD. The 

ordinates have been taken in pairs in each case, since each 

member of the pair acts at the same distance y from C. Since 



Arched and Suspension Bridges. 341 

Dng represents the maximum deflection for bending moments 

^ A .A 

Mo, and D/w, for M,,, it follows that, since ^_ M^^ = 2 Mdt^, 

Biiq should equal Drn^; but Dm^ is less than Dn^, hence the 
ordinates M^ are too large or the polar distance EF is too 
small, since by Culman's principle the ordinates multiplied by 
the polar distance equals the bending moment. The moments 
represented by the polygon Ma must therefore be decreased by 

multiplying them by the ratio -^. Set off a line KM = Dtti^, 

Dng 

Fig. 359, and draw MN at right angles to KM. With K as 

centre and Duq as radius, cut MN in N. Then the polar 

distance must be increased in the ratio KN to KM. Make KB 

equal to the assumed polar distance, and draw BS parallel to 

MN ; then KS is the true polar distance for the equilibrium 

polygon Ma. To find the true pole, draw EL parallel to GH, 

then draw LP parallel to EF and equal to KS. The vertical 

reactions are LX and LY at B and A, or 63'5 and 75*2 tons 

respectively. We may find these reactions independently by 

calculation. The horizontal thrust found by measuring LP is 

182*5 tons. The horizontal thrust may be calculated by the 

following formula, which is due to Professor Winkler. 

Let H = the horizontal thrust. 

S = the span, in this case 147 feet. 
W = a load concentrated at any point of the rib. 

X = horizontal distance of the load W from the crown of 
the rib. 

r = the rise of the rib = 20 feet. 

Then— 

jj^ 5 W(5g"-4g')(8^-4a?^ 

128ra^ 

The only variable quantities are W and x, therefore substitute 
for W the loads concentrated at the panel-points of the rib, and 

put a; = 0, — , — , — , etc. ; thus let x = — , and W = 8*6 ; 

^ 5 X 8-6 X 147 {[5 - 4(^)'][1 - 4(.^)»]} ^ ^^.^^ ^^^ 

128 X 20 

Repeating this calcalation for each of the loads and adding 
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the results together, we obtain for the horizontal thrust 184 
tons, which checks very well with the value 132-5 tons found 
by graphical construction. 

Having obtained the horizontal thrust, 
we may find the stresses in the arched 
rib by the method of moments, or we 
may join the pole P with the points of 
the force polygon XLY, and construct 
the equilibrium polygon kd^d^B. The 
intercepts between the polygon last 
drawn and the rib multiplied by the polar 
§ distance or horizontal thrust LP equals 
the bending moments at the points rfi, 
d2, c^s, etc. The line kdidji denotes 
the neutral axis of the arched rib, and 
may be considered as the line passing 
through the centres of gravity of the 
cross-section of the rib. 

The depth of the rib should be made 
^ i from ^ to 7^ of the span in order to 
I give sufficient stifiEness under partial 
loading; in the examples selected the 
depth is made 8 feet 6 inches between 
the centres of gravity of the top and 
bottom flanges. The system of bracing 
adopted between the flanges is suffi- 
ciently illustrated in Fig. 860. 

The stresses in the various members 
^ of the arch are shown by means of the 
stress diagram. Fig. 861, which needs 
no explanation. As a check on the 
accuracy of tlie work, a few of the 
members should be checked by moments ; 
thus G37, by measurement from the stress 
diagrams, is found to be 86*5 tons ; by 
7 moments it is 87 tons. Bar 21-22 is 
subjected to a compressive stress of 12*5 
tons, d'^ to a compressive stress of 98*5 tons, Z^ to a compres- 
sive stress of 127 tons. 

The foregoing method illustrates how the stresses in an 
arched rib hinged at the springing may be determined. In 
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any actual case it is necessary to determine the horizontal 
thmst and the various stresses produced by it for the various 
positions of the live load. The stresses should then be 
tabulated, and the rib designed for the maximum stress in the 
various bars. 

In consequence of the continuity of the rib at the crown, it 
will be subject to stresses, in addition to the foregoing, from 
changes in temperature. Since the ends of the rib are hinged, 
any variation ii; temperature will cause the length to vary, and 
the crown to rise or fall. The effect of a rise in temperature 




Fio. 3<1. 



above the mean temperature for which there is no stress, is to 
cause a horizontal thrust at the ends. The deflection in the 
centre of the rib caused by a variation of temperature of ± 60 
Fahr. will be 1 inch approximately, or y j of a foot. The following 
approximate formuke may be used to calculate the deflection of 
a parabolic arched rib due to its expansion or contraction from 
variations of temperature. 

Let % = the length of half the arched rib. 
r = the rise, or central deflection. 
y = the half-span. 
Then— 
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To find the deflection from the length of the curve and the 
span, let / = the deflection, and %x = the altered length ; then — 



The horizontal thrust due to this deflection may be con- 
sidered as acting along the line AB. 

Comparing the following equations : — 

SWa? = Hi/ 
2nMa5 = SM'a; = EIV 

where H = the horizontal thrust required. 

M' = nM, and M' = wHy, also H = ^^^ 



'S.nyx 



I 

I 



n 



From these equations it is clear that if M' be taken as vertical 
loading, and EI as the polar distance, the ordinates of the 
corresponding equilibrium polygon will represent the deflections 
to the same scale as x ; also that M' and EI are of the same 
denomination, and hence must be measured to the same scale. 
It is necessary now to consider the value EI, to do which we 
must assume a cross-section which can be easily designed 
approximately by means of the stresses obtained disregarding 

temperature. The section should 

*'••' be dimensioned in feet for finding 

'•' the moment of inertia, and E may 

be taken as 26,000,000 lbs. per 

square inch, or 1,670,400 tons per 

square foot It will then be found 

that the product EI is about 

1,600,000 foot-tons with the as- 

^ ^ 1 ^ ■1^4§r'*^'* sumed section of rib shown in 

FIO. 362. j^ig^ 362. 

In Fig. 364 draw LP parallel to AB, Fig. 863, and equal to 
EI, or 1,600,000 foot-tons to scale. If LP is made 16 inches, 
then 1 inch will represent 100,000 foot-tons. 

Set off the ordinates aili, ajj^^ ajb^, etc., . . . DC on the 
load line LM, making each one-half of its length in the polygon 
AoiOa ... B, in order to avoid an unnecessarily large figure. 
Draw the polygon FciCa . . . E, with P as the pole representing 
the actual deflections of the rib to an exaggerated scale ; thus 
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LF represents the deflection of the point A, which we have 
aBBomed to be 1 inch, which will meaeare 8'1 inches if the 







\ 
\^\\ 



\ 



^ 



rib is drawn to a scale of 8 feet to an inch, corresponding with 
8x3-1= 24'8 feet ; the bending moments must be reduced in 

the ratio of 24-8 to -^j or — — . 
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2-56 



X 100000 



The bending moment at the point A is 



Ml 



297-6 
1-28 X 100000 



and the horizontal thrust is H = — = -^„ . „ ^^ ^^ ^ 

ny 297'6 X 7*35 X 20-5 

= 2*8 tons. 

EIV 
Since H = , we might calculate the horizontal thrust by 

this equation, but it would be necessary to measure the quantities 
yx, and take their sum. 

Professor Winkler's formula is as follows : — 



H = 



ISElaet 
Bar" + 151 



where a = the area of the rib = 48 square inches. 
e = the coeflBcient of expansion = 0*0000068. 
t = the temperature = 50°. 
. jj ^ 15 X 1600000 X t\^ X 0-0000068 X 50 _ ^.^ ^^^^ 

8 X xV4 x20-5' + 15 xO-9 

This agrees very well with result found by means of the 
equilibrium polygon. 

In the Harlem bridge the range of temperature allowed was 
75° Fahr. above and below the mean, and the increase in the 
stresses amounted to 1 ton per square inch. 

Arched Bib with Fixed Ends. — The equilibrium polygon for 




Fio. 365. 




FiQ. 366. 



an arched rib with fixed ends is not a closed one, and it corre- 
sponds with that obtained from a system of forces whose result- 
ant is a couple. 

Let Wi, W2, . . . Wg, Pig. 865, denote a series of vertical 
forces acting at points of a horizontal line AB. 

Let Wi + W2 + W3 + W, + Wh = W4 + W5 + W . 
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Set oflf the forces on a double line, Pig. 366 ; draw a hori- 
zontal line through O, and on it take any point P as a pole, 
so that the line PO represents the polar distance. Join P with 
the angular points of the force polygon, and draw the polygon 
Abcdefgh, Pig. 865, the sides of which are parallel to the lines 
converging at P. This polygon will not close, showing that the 
resultant is a couple whose moment is the polar distance PO 
multiplied by the lower arm x, or Bx, Fig. 865. 

In the rib with fixed ends, as with free ends, we have — 

M =: - H(F - V), 

for to fix the rib at the ends we have only to apply the proper 
couple, whose moment is m, remembering that the vertical 
dimensions of the equilibrium polygon will be increased over the 
free-ended rib by a constant quantity, which is H. 

Take moments about any point of the neutral axis of rib, and 
there results — 

M = SWflJ + m - H(^V' +^) = SWoj - HV 
and since S\V« = HV, M = - H(V^ - V) 

Let ADB, Pig. 867, denote the neutral axis of an arched rib 
fixed at ends of the same span, as the one last considered, and 
subjected to the same loading. The rib is supposed to be 
divided into twenty equal parts, each equal to 7*85 feet, which 
are the panel lengths. As before, we assume that n is equal to 
the horizontal distance between the panels approximately. 

Since the ends of the rib are fixed, the sum of the strains at 
any given distance from the neutral axis of the rib considered 
as a girder, and extending between the points A and B, must 
equal zero. 

A A ;iM 71 A 

^B -^B EI EI B 

.\% M = 

B • 

but M = H(V' - V), where V denotes the ordinates of the 
polygon, and V those of the rib. 

The above equation therefore shows that the sum of the 
intercepts (V — V) on one side of the rib is equal to the sum on 
the other. 
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The Bom of the horizontal and vertical deflections most eqoal 
zero, as in the free-ended rib, bo that the three conditions may 
be expressed thos — 

B 

2* M 3- = n 




Choose E as the assumed pole, and set off the loads on the 
line XLY, as in the free-ended rib, and draw the polygon 
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GojO^ . • . H. The line GH is not the closing line, which 
must be located so that the equations SM = and SMo; = will 
be satisfied. Let EM be located by trial, then the algebraic 
sum of its ordinates must equal zero, and the algebraic sum of 
the products of each ordinate into its abscissa must equal zero. 
This line can generally be found by one or two trials. In the 
figure ordinates are drawn through h^ and h^ at distances of 
one-fourth the panel length from A and B, also K and M 
respectively, representing loads concentrated at the middle of 
each half-panel at the ends ; these ordinates may be added to 
the others in the summation, if we divide them first by two ; 
thus we have — 

\ M, = ^^ + a,ft, + a3/.3+ . . . +0^620 + ^^ = 

The closing line BS of the rib, considered as an equilibrium 
polygon, can be easily located, because it is parallel to AB, and 

A A 

if the first condition, viz. S-^M^ = 0, the second condition, ^ MdO?, 

must equal zero, since the curve is symmetrical with reference 
toD. 

A A 

The third condition requires that % M^y = 2 M^ = 0. 

B B 

Treating M^ and Ma as loads as in the rib with free ends applied 
at distances y from the assumed origin, the ordinates of the 
equilibrium polygons will represent the horizontal deflections of 
the rib. 

Set oflf, therefore, D/i, /1/2, . . . f^fj^ on the left of DC equal to 
the ordinates of the polygon GaiOa . . . OaH taken in pairs, 
and join the points /1/2, etc., with the assumed pole C, and draw 
the deflection polygon Juiiii^ . . . iiio, as in the case of the rib 
with free ends. 

Draw also the deflection polygon hniim^ . • . 7/^10, using the 
ordinates of the rib as loads in precisely the same manner as 
before. 

It will be found by measurement that Dm^Q is greater 

than Dwio, showing that the quantities Ma are too small, or 

the polar distances too large. Draw EL parallel to the closing 

line KM, and LP parallel to AB, make the new polar distance 

Dn 
PL = — ^ X EF, and draw a new set of lines radiating from 
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P, from which the true equilibrium polygon kd^d^ ... B is 
obtained. Measure LP to the same scale as that used for the 
loads XLY, and it will be found to be 132 tons. This force acts 
along the line BS. The bending moment at any point of the 
arched rib equals the intercept between the rib and the true 
equilibrium polygon multiplied by the horizontal thrust, viz. 
182 tons. 

Winkler gives the following formula for locating the line 
RS:— 

_ r(^^ + 241) 

where I = the height above AB, the other quantities having the 
same significance as in the free-ended rib. Using the values 
found for the free-ended rib, we have — 

,^ 20-5{,y,-xn-7- + 24(0-9» ^ 
8 X ^\ X 147" 

It scales 6*9 feet on the diagram. 

The reactions at A and B are not the same as in the free- 
ended rib, being less at A and greater at B ; for the fixed rib we 
measure the segments of the load line LY and LX, Fig. 868, 
but in the free-ended rib, we measure the segments formed by 
drawing a line from E parallel to the line joining GH. 

The temperature stresses in the rib fixed at each end are 
much greater than in the free-ended rib, and the increase in 
the horizontal thrust due to the maximum range of temperature 
may be found by either of the methods explained for the free- 
ended rib. 

By Winkler's formula we have — 

rr - 45EIgef 
■" 4ar" + 451 

Inserting the quantities used in the free-ended rib, we 
obtain — 

_ 45 X 1600000 X 1^4 X 0-0000068 X 50 ^ _ 

4 X T^4^ X 20-5^ + 45(0-9) " "^^'^ *^^® 

This increase is due to ± 50°, or 60° on either side of the mean 
temperature at which there is no stress. 

Having found the horizontal thrust for the various positions 
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of the live load^ the stresses in the various members of the 
rib should be found either by moments or by means of a 
diagram as in Figs. 860 and 361. The stresses obtained should 
then be tabulated, and the maximum stress on each member 
obtained. 

Three-hinged Arohed and Soipension Bib. — Let ABC, Fig. 370, 
denote the neutral axis of an arched rib, hinged at A,B, and C, 
and let W denote a load applied to the rib at a horizontal 
distance AF from A. The resultant force acting at the crown B 
for the unloaded half must pass through the hinges B and G, 




Fio. 370. 



and the resultant for the loaded half must pass through G and 
A. AG and GG are therefore the directions of the resultant 
pressures at A and G, the magnitude of which may be found by 
resolving W along these lines, and may be denoted by Bi and B2. 
Bi and B2 may each be resolved horizontally and vertically into 
HVi and HV2. H denotes the horizontal thrust, and Vi and Va 
the vertical reactions at A and G. 

Since the load W produces pressures along the lines GA and 
GG, take moments about A, and draw Am perpendicular to GB 
produced. Draw also Arc perpendicular to AB ; then the angle 
AGB equals the angle mAaj, and — 



W X AF = Ea . Am .-. Ej = W 



AF 



Ea sin a = Va /. V2 = W . 



Km 
AF Am 

Am ^ AG 



Ea cos a = H .-. H = E2 . -7- = W: 



^ "AC 



AF I - h 



kx 



2DB 



2r 



22 
W 



W 



also Vi = 



f + 6 
2Z 



W 



Having found the horizontal thrust and vertical reactions, 
the values of which are independent of the shape of the rib, the 



352 



Engineering Construction. 



stresses in the various members of the arch may be determined 
by moments^ or by means of a stress diagram. 

The stresses may be tabulated for each load which acts 
upon the arch, and the maximum stresses determined in the 
usual way. 

Variations in temperature do not produce stresses in this 
form of arch, as the hinged connections allow the crown to rise 
or fall freely. 

One of the most economical forms of the three-hinged arch 
is shown in Fig. 871. It was proposed and thoroughly investi- 
gated by Mr. Glaxton Fidler, M.I.G.E., and published in 
Engineering in 1875. Inverted, it becomes an equally economical 




suspension bridge. The neutral axis ABC is assumed to be a 
parabolic curve, and each half-rib, A6 and BG, is a parabolic 



/• 



girder, the central depth of which is slightly greater than -• 

The straight portion AB is a tangent to the parabolic curve of 
the half-rib BC. 

Captain Ead's arch is somewhat similar to Fidler's, but 
with curved lower members, similar to the upper members of 
the semi-ribs. Fidler gives the following values of H for his 
bridge. 

For a uniformly distributed load of w per unit of length 
over the whole span, we have the horizontal stress at any 
point of the upper or lower member — 



Hw= - 



4|. 



For a live load, Wi distributed over the half-span I, or the 
whole span 2Z — 

There is no stress in the diagonal bracing for either of these 
cases. 



tlH IJ IB-W^— «P»I f t^^m^^mmi^m ■ ■^^^^il«^-l^^^^^^^piBp^^PiPB^i^W»r>» l n^m-m^m—^^mmm^^^^^^m^,, ■■■ ■« 
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The maximum stress H = — (w + tt?i)- 

4r 

The minimum stress H = — -;- 

4r 

The greatest flange stress in the semi-ribs occurs when the 

live load extends from B to a point D, Fig. STl, such that 

al 
FD = 6 =^ -, which becomes — 

^ + a 

Maximum Hj^i = — -7— ( 1 + — — ) 
If the load extends from A to F — 



u\r / a \ 

Minimum KtVi = — -— I r". ~ ) 

4r \l + a/ 



The maximum or minimum value of the tensile stress in the 
suspension rib, or compressive stress in the arch, is found from 
the following values of H : — 

Max. H = B.iv + max. Rwi = - —\w + Wiyl + — ^— J | 
Min. H = Biw + min. Kwi = — Aw — 2^1 f j J 

The greatest stress in any diagonal is the same as in a 
parabolic girder of span I and depth equal to that of the semi- 
rib. 

In any hinged rib, the neutral axis of which lies in a para- 
bolic curve, it can be proved that if a denote the distance of 
any point from B, Fig. 870, and b the extremity of the live 
load, which we will call the load boundary, then — 

al 
6 = 



21 + a 



This may be proved in the following manner : For any load 
between N and D, Fig. 870, the bending moment is found thus — 

M = V(Z - a) - Ry 
M will be positive or negative according to the position of the 

2 A 
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load. If the load is attached at the point 0, the 
moment is zero, and — 

V(/ - fl) = Hy 

Va - a) 

subatitating for V and H the valnes already found : — 

rjj, + 6)(i - a) 
y ill - b) 

but since the curve is parabolic — 

OK : r : : o* : ^ r - y:r:: a':P 

.•.J/ = r(l-^) 

. _ «' (/ + b)(l - a) 
•'• P l{l- b) 

al 

' h = — 

The maximum bending moment in the semi-rib for the live 
load may be positive or negative^ and has the following values : — 



M 



4 V 21 + a) 



If H denote the horizontal thrust running through the arch 
or suspension rib^ and d = the depth of the girder at a^ then the 
horizontal component of the flange stress in the semi-rib is — 

H -? + ^ 

•■-■■flange Ktresfl — ^ — J 

The following example of a three-hinged parabolic arched 
rib will be completely worked out, and the bridge partly designed 
to carry a roadway 18 feet wide. The bridge, illustrated in 
Plates v., Va, and V6, consists of two parabolic ribs, 147 feet 
2 inches span, and 20 feet 7i inches rise between centres of 
hinges. The deck is carried by two longitudinal girders sup- 
ported by vertical colimins, which stand upon the top flanges 
of the arched ribs. Both the longitudinal girders and the arched 



PLATE V. 



ECTIOW OH C LINt OF BIB. 



THRE 



PLATE V«. 



ES V.V«.&VJ. 






THREE 



PLATE V6. 
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ribs are spaced 16 feet apart, centre to centre, and the vertical 
columns divide the arch into bays of 10 feet, excepting the two 
central bays, which are each 12 feet 6 inches. 

The deck is formed of wrought-iron troughing laid trans- 
versely on top of the longitudinal girders (Chapter XTV., Fig. 
819), and filled in with coke concrete to a level of 2 inches over 
the upper surface of the trough. Above the concrete is spread 
tarred basalt metal to a depth of 5 inches at the centre and 
8 inches at the sides. The ends of the troughing are protected 
by facia plates secured to it by angle irons. 

The proportions of the coke concrete are — four of coke broken 
to a gauge of one inch, two of sand, and one of Portland cement. 
The weight per cubic foot of the coke concrete is 90 lbs., whereas 
fitone concrete would weigh 128 lbs., or 30 tons more on the 
deck of the bridge. 

The strength of the troughing may be approximately cal- 
culated as follows : — 

Dead load, including concrete, metal, and troughing 8 feet wide 
between longitudinals = 2024 lbs. per foot run 

^ :i. ^ W/ 2024 X 8 X 16 . ^ ^^, ^ ^ 

Bendmg moment = — = — ^^^t^t; — - — = 5*42 foot-tons 

o JjZ40 X H 

Live load consisting of traction-engine shown in Figs. 822 

and 828 
Bending moment = 4-75(8 - 2-5) = 26-18 foot-tons 
Total bending moment on one trough = 81*55 foot-tons = 378 

inch-tons 

Treating each trough as a girder, with each flange consisting 
•of the horizontal portion plus one-half the sloping portion above 
or below the neutral axis, we have — 

Area of one flange = (28'5 — 4 x ^^^ = t^ x 25'5 square inches 

Distance between centres of gravity = 11 '375 inches 

Momentof) 25-5 x 5 x 11-875 x 20 ,^,^.^ . ,, 

. . i = — ^ — = 1812-9 mch-tons 

resistance) 16 

1812'9 
Hence the factor of safety is = 4*8 

878 

Longitudinal girders consist of two plate web girders spaced 
16 feet centres across the bridge, each 18 inches deep, tapering 
to 6f inches near centre of bridge. They are stiffened over 
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eolamns with diaphragms, and the bottoiq flanges are laced 
with 8 X f bars. The ends of longitudinals are continned over 
abutments, and have gun-metal bearing-plates secured on their 
lower flanges sliding on cast-iron bed-plates secured to bed- 
stones. 

Each longitudinal girder is calculated as a continuous girder 
of five equal spans, the two central bays being supported 
throughout their length by the rib. 

The loads on the longitudinal girder are as follows : — 

Live load, taken as 84 lbs. per square foot of roadway = 0'35 
tons per lineal foot on each girder. 

Dead load = 0*7 tons per lineal foot on each girder. 

The maximum bending moments for these loads occur when 
the bays a^, ojj, and x^ are fully loaded, and bays x^ and x^ are 
loaded with the dead load only. 

The bending moments at centres of bays oji, o^, and a^, 
Plate v., may be found, by the methods already explained, to be 
18 foot-tons, and at centres of bays x^ and X4 to be 8*7 foot- 
tons. 

The traction engine produces the greatest bending moment 

when the load on one wheel is carried entirely by one girder 

11*88 
and ^ - of the other also, 
lb 

The total load on one girder due to the driving wheels 
1 + - J = 8*11 tons, and the load due to the trailing 

wheels is 8*25 ( 1 -f- -— - ) = 5*55 tons. 

^ 16 ^ 

Bending moment at centre of bay due to driving wheels 

= 20*8 foot-tons 
Bending moment at centre of bay due to trailing wheels 

= 13*0 foot-tons 
Bending moment at centre of bay due to dead load 

= 8*75 foot-tons 

The results are summarized as follows, the working stresses 
being taken as 4 and 5 tons compression and tension respec- 
tively : — 
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TABLE LXXXIV. 



Flange. 



Top 



Bottom 



Kffeciiye *rea. 



Driving wheels oyer bay %i trailing uver 
abutment. 



Driving wheels over centre of bay %% 
trailing over «i 



Kequlred. 



sq. in. 



Provided. 



sq. in. 



Required. 



sq. In. 



( - - = 3-5 / Two an«rle8l _ „.. 21 ^ 3.^ 

1 1-42x4 \ 4 X 3x i/ - ♦'^ I) 1.42x5 

ll-42x5-2*,\ riveU / " "''"'l 142 x 4 " ^' 



Provided. 



sq. in. 
Two angles 
as before = 5*75 
less rivets 

Do. gross = 6'5 



Maximum shear due to dead and live load = 11*61 tons. 
The web plate is made § thick, and the rivets f inch 
diameter, 4 inches pitch, which may easUy be shown to be safe. 
The columns are calculated by the formula — 



/ 



19 



i + ^^(;) 



2 



r being in this case the breadth of the channels. They are made 
larger than necessary for appearance. 




Colnmn 1 requires by above formula 4*6 sq. in. 
4 „ „ 3*6 „ 



»» 



»♦ 



»» 



Area provided Is 13*2 sq. in. 

13-2 „ 
10-2 „ 
10-2 „ 



»» 



»» 



»» 
»» 






Arched Bibs.— The load resting upon the arched ribs may now 
be ascertained. 
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Table LXXXV. 



PotDt 

number. 



1 
2 
3 

4 
5 
6 
7 
8 



Dead load. 



Deck and longitudinal girder. 



0-7 X 10 



0-7 
0-7 



X 
X 
X 
X 
X 
X 
X 
X 






3i 



\\ + 0-7 X 0-5 
11-25 
6-25 



tons. 
= 2-8 
= 8-0 
= 6-8 
= 6-8 
= 80 
= 6-3 
= 7-9 
= 4-4 



Totals ... 







Column and 




bracing of 


Totol. 


rib. 


_ ^ 


21 


4-9 


2-8 


10-8 


23 


91 


2-0'' • 


8-8 


1-8 


9-8 


1-6 


7-9 


1-7 


9-6 


12 


5(> 


• • • • • ■ 


66-5 



DiBkribnied 

Uveload 
equals dead 
load 
0*36 

*t;" = * 

0*7 



1-4 
40 
3-4 
3-4 
40 
3-2 
39 
2-2 



25*5 



The bending moments in the arched rib considered as 145 
feet span, with a rise of 20 feet (Fig. 872) for live and dead load, 

may now be calculated, using the formula t = -— to find the 

2t + a 

distribution of loads which will give the maximum ; thus for 
point 2 — 

62-5 X 72-5 
2 X 72-5 + 62-5 

For Maaiina Bending Moment. Positive (see Fig. 873) — 
= 72-5V - 20H + 10-8 x 10 + 9*1 X 20 + 8-8 x 80 + 9-8 

X 40 + 7-9 X 50 + 18-5 X 60 + 7-8 X 72*5 
= 72-5V + 20H - 14-8 x 10 - 125 x 20 - 12-2 x 80 

- 18-8 X 40 - 11-1 X 50 - 18-5 x 60 - 7*8 X 72*5 
.-. H = 149-1, and V = 8-65 



iTUtULtaJi 



, T»tiUL»ad ^ 





Fic. 373. 



Using these values, and taking moments about the neutral 
axis of the rib at 2, we have — 
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M2 = 8-65 X 62-5 - 149-1 X 14-86 + 7*8 x 62-6 + 13-5 X 50 
+ 7-9 X 40 + 9-8 X 30 + 8-8 x 20 + 9-1 x 10 = 4- 
62-01 

Negative (see Pig. 874) — 

= - 72-5V - 20H + 14-8 x 10 + 12-6 x 20 + 12-2 x 30 
+ 13-8 X 40 -f 11-1 X 50 + 9-6 x 60 + 5'6 x 72-5 
= - 72-5V + 20H - 10-8 x 10 - 9*1 x 20 - 8-8 x 30 
- 9-8 X 40 - 7-9 X 50 - 9-6 X 60 - 5*6 X 72-5 
/. H = 129-4, aud V = 3-65 
Mo = - 3-65 X .62-5 - 129*4 x 14-86 + 5-6 x 62*5 + 9-6 x 50 
+ 11-1 X 40 + 13-8 X 30 -f 12-2 x 20 + 12-5 x 10 
= - 94 



I, 7iJkUL0aJ - jLjiKBJ. 
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In the same manner it may be shown that for the point 3 the 
load boundary = 19-8 feet. For maximum positive bending 
moments H = 149*1, and V = 3-65 ; M3 = + 98*07. For maxi- 
mum negative bending moments H = 129*4, Y = 3*65, and M3 
= - 140*08. 

For the point 4 the load boundary is 16*3 feet, and we obtain 
the same values of H and V as for points 2 and 3. M4 = + 
123-31 and - 158*10. 

For point 5 the load boundary is 12*3 feet ; H = 143-23, 

V = 5-21, and M5 = + 118*04; also H = 135*25, V = 5*21, and 
Ms = - 153*03. 

For point 6 the load boundary is 8*8 feet ; the values of H and 

V are the same as for point 5 ; and Me = + 112-29 and - 117*25. 

For point 7 the load boundary is 4*7 feet, the values of H and 

V are the same as for points 5 and 6 ; and M7 = + 78*12 and 
- 74*92. 

Stresses due to Dead Load and Traction Engine. — The maximum 
loads carried by one rib due to a traction-engine rolling over the 
bridge will be the same as in the longitudinal girder, viz. 8*11 
tons concentrated on the driving and 5*55 tons on the trailing 
wheels. 

Let the driving wheels be over column 2, Fig. 375. 
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Then- 



= 



= 



•. H 
M2 



- 72'5V - 20H + 18-91 X 10 + 9*1 X 20 + 8*8 x 30 
+ 9-8 X 40 + 7-9 X 50 + 9*6 x 60 + 5-6 x 72-5 

- 72-5V + 20H - 10-8 x 10 - 9*1 x 20 - 8-8 x 30 

- 9-8 X 40 - 7-9 X 50 - 9-6 x 60 - 5*6 x 72*5 
= 118-18, and V = 0-56 
= - 0-56 X 62-5 - 118-18 x 14-86 X 5-6 + 62-5 + 9-6 

X 50 + 7-9 X 40 + 9-8 x 30 + 8*8 x 20 + 91 x 10 
= - 84-15 



The maximum negative bending moment at point 2 is there- 
fore greater for the traction engine driving wheel over the point 



^ft ^ 




Fio. 876. 

2 than for the dead and distributed live loads when the latter 
occupies the worst position, and it will be found that the 
maxima negative moments occur at the various points in nearly 
every case when the driving wheel of the traction engine is over 
these points respectively. So far as this example is concerned, 
the negative bending moments for the dead and distributed 
live loads need not have been considered, since the traction 
engine always produces the greater effect. 

The results are given in Table LXXXVI. 

The bending moments recorded in the following table, which 
have been calculated with reference to the neutral axis of the 
rib, must be divided by the effective depth of the rib in order to 
find the stresses in the flanges due to bending. The positive 
sign denotes the upward bending moments, and the negative 
sign the downward bending moments, so that the former produces 
tension in the extrados and compression in the intrados, while 
the latter produces compression in the extrados and tension in 
the intrados. 

The horizontal thrust and the vertical reactions and loads 
produce compressive stresses in the rib which are independent of 
the depth, and these must be combined with the stresses due to 
bending in order to find the resultant stresses. 
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Let F = the sum of the vertical forces on the right side of 
the neutral axis of the rib, including the vertical 
reaction, 
a = the angle which the tangent to the neutral axis 

makes with the horizon. 
H = the horizontal thrust due to the vertical forces. 
Then the compressive stress in the extrados and intrados of 
the rib is — 

F sin g + H cos a 
2 
The shearing stress is — 

F cos a — H sin a 

If we calculate the values of sin a and cos a at the various 
points in the neutral axis corresponding with the points about 
which the bending moments were taken, we can find the values 
of the compressive and shearing stresses and combine these with 
the stresses due to bending. 

Bemembering that the neutral axis of the rib is parabolic, 
and that the subtangent is twice the horizontal distance from 
the point at which the tangent is drawn to the centre of the 
hinge at the springing, we can tabulate the values of the sine and 
cosine as in the following table. The effective depth of the web 
is 2*5 feet. 

The maximum stress due to bending is 72*18 tons, therefore 
the sectional area of the top and bottom flanges is — 

72*18 
- , - = 18*045 square mches 

The area provided (Plate V.) is— 

FouraDgleii4x 3x ^ ... ... ... ... 13-00 square inohes. 

Twoplate89xJ 6-75 „ 



Total area of one flange ... ... 1 9*75 

Total area of both flanges ... ... 39*50 



•» »» 



The maximum resultant is 138 tons compression, which is 
distributed over about 28 inches of the depth of the rib, as a 
stress uniformly varying from to a maximum. If we take half 
the depth of the web as effective, and add the area to the area of 
one flange, we have for the two web plates, taken as \ inch thick. 
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15 sqaare inches^ or a total area of 84*5 square incheB ; hence tbo 
intensity of stress is about — 

188 
- = 4 tons per square inch 

41*13 
The maximum shearing stress is 41*18 tons, or -r-r- = 16'4 

2*5 

tons per foot on the two web plates, or 8*2 tons on each web 

plate. 

Assume that the rivets are | inch diameter and 4 inches 

pitch, then the intensity of shearing stress on the rivets is — 

8 X 0*6 X 2 x/=8*2 

.-. /= 2*8 tons per square inch 

The intensity of pressure on the bearing area is — 

Px8xixJ = 8*2 

.-. jj = 6*2 tons per square inch 

The intensity of sheai*ing stress on the web is — 

8*2 

/.^^ ^ -XI = ^*58 tons per square inch 
(80 - 2 X t)i ^ ^ 

Hence there is no danger of buckling, and the sizes of rivets, 
pitch, and thickness of web may be adopted. 

The section of the web is made uniform throughout, and for 
convenience of carriage the joints occur in the centre of each 
bay. 

Hinges. — The hinges at the centre and springing are formed 
each of two castings working on a steel pin 7 inches in diameter, 
and 2 feet 4^ inches long. The maximum pressure on the hinges 
occurs when the bridge is fully loaded. In this case H = 162*8 
tons, and V = 0. 

At the centre the pressure is 162*8 tons, and the intensity of 

pressure is — 

162-3 ^^^^ 

« ~^;. ;.T^ = 0*82 tons per square mch 
7 X 28*25 

At the springing — 

F sin a + H cos a = 92 x 0*481 + 162*3 x 0*875 = 186*26 tons 
The intensity of pressure per square inch is — 

186*26 

LioTr = 0'94 tons 
7 X 28*25 
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The intensity of compressive stress on the rib at the springing 
when the bridge is fully loaded is — 

186-26 ^ „ , 
- = 2*7 tons nearly 

The details of the bridge are sufficiently illustrated in 
Plates v., Va, and V6. 

The calculations for wind pressure present no difficulty ; the 
sections adopted for the wind braces are shown on the Plate Va. 

Abutments. — The abutments are composed of sandstone ashlar 
masonry, set in cement mortar, with wing walls and pilasters ; 
inequalities in the rock face may be filled with cement concrete. 
The bedstones or skewbacks should be made of granite or other 
suitable stone. 

Erection of the Bibs. —The ribs may be riveted on a stagings 
so that the longitudinal girders may have, when fixed in position, 
an even fall of 3 inches from the central hinge to the end girder 
when the temperature in the sun is 70^ Fahr. Should the ribs 
be erected on a warmer or colder day, the necessary allowance 
for temperature must be made in wedging up the end hinges. 

The foregoing method of calculation may be used for either 
a plate web or lattice web ; if the web is designed with a single 
system of triangulation as in Fig. 860, the stresses may be 
obtained graphically as shown in Fig. 861, or by passing a section 
through any three members of the rib and taking moments in 
the usual way. 

Suspension Bridges consisting of Steel Wire Cables stiffened 
near the Towers by means of Inclined Stays. — This is not & 
satisfactory construction as ordinarily carried out, as at best 
the stays leave the centre portion of the span unsupported, 
and the lengths of the inclined stays cannot be adjusted so 
that they will act efficiently under variations of temperature ; 
the only useful purpose they serve is to check the vibrations 
and oscillations produced by the rolling load. 

Suspension Bridges eonsisting of Steel Cables with a Stiffening 
Girder. — The steel cables may be combined with a horizontal 
stiffening girder, in which case the cables must sustain the whole 
live and dead load, the girder merely acting when the bridge is 
partially loaded, and the effect is to distribute the load over the 
cables. 

The cables themselves tend to adapt themselves to the form» 
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jot the equilibrium curve for the load they sustain. If the load 
is equally distributed along the horizontal, the curve of 
jequilibrium may be proved to be a parabola. 

Ordinary suspension bridges approximate closely to this 
curve, and it is assumed that the curve is a parabola in tbe 
following calculations. Since the steel cables carry the whole 
jo{ the load, and the stiffening girders merely distribute the load 
without relieving the stress in the cables — in fact, adding to it 
by their own weight — this form of construction is by no means 
M>B satisfactory as the suspended rib proposed by Fidler, in 
which there is no increase in the flange areas of the ribs for 
stiffening the bridge when it is partially loaded; the form 
•secures rigidity, and therefore requires no stiffening. 

The use of the stiffening girder for cable suspension bridges 
has been very general, and is still in use ; steel- wire ropes may 
be obtained at a moderate cost which will bear a tensile stress 
^f 100 tons per square inch of sectional area, and the cost of 
these bridges is certainly not great where the site is suitable. 
The equation of maximum bending moments in the stiffening 
girder hinged at the centre, where the quantities have the same 
meaning as in the arched rib (Fig. 370), is, if the cables are 
parabolic and the girder rigid — 



M 



, a(l " a) f ^ , a \ 



For a uniformly distributed load over the whole bridge, there 
is no stress on the girder ; for a load distributed uniformly over 
one-half of the bridge, the maximum flange stress in the stiffening 

; «^*'" '^ - fed- 

I The stresses in the flanges alternate between tension and 

an equal compression, so that a low value must be taken for 
the working stress. The stiffening girder is generally hinged at 
the centre to avoid temperature stresses, and it should be 
secured at one end by bolting it to one of the piers or abut- 
ments, so as to fix it horizontally, and it should be allowed to 

I expand freely over the other supports. 

The hinge at the centre renders the calculations an easy 
matter, but if the girder were made strong enough to withstand 
jbhe temperature stresses without a hinge, and securely fixed to 
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the abutments and piers, it would be much more rigid than the 
hinged bridge. 

The following example of a stiffened suspension bridge ^ will 
illustrate the method of determining the most important of the 
stresses in this class of structure. 

The bridge, illustrated in Plates VI., Via, and VI6, is 
775 feet long, in three spans of 150, 500, and 125 feet respec- 
tively, and 28 feet wide in the clear. It consists of steel- wire 
cables suspended from masonry towers and supporting steel 
lattice stiffening girders and steel cross-girders. 

The cables, which are six in number, three on each side of 
the bridge, consist each of seven ropes formed with plough-shear 
steel wire. The central deflection of the cables is 88 feet 6 
inches, and they are continued over the main towers on each 
side of the central span, and pass below the ground, through 
inclined shafts excavated in the rock, to the anchorages. 

The sectional area of steel wire in each rope is 2 square 
inches, and the total sectional area in the six cables is 84 square 
inches. The arrangements for anchoring the cables to the 
rock are showii in Plate VI&., and consist of six hollow cast- 
steel beams, 16 inches in diameter, and 2^ inches thick, 
arranged three in each of two chambers excavated in the rock. 
An inclined rectangular shaft gives access to each of the 
chambers referred to from the ground level, and the cables pass 
down these to cast-iron thimbles, {ground which the ropes are 
coiled, and the ends of the wires are spread out in conical holes, 
where they are firmly secured by driving in round steel taper 
pins. The width between the cables over the piers is 48 feet 
centre to centre, and in the centre of the bridge 82 feet centre to 
centre. The towers are 112 feet high, and the cables discharge 
their weight upon expansion rollers 8 feet in diameter, which 
rest upon granite bed-stones, from which the pressure is dis- 
tributed uniformly over the towers. 

The stiffening girders, which are designed to prevent the 
main cables altering their curvature when the bridge is traversed 
by a moving load, are hinged at the centres, and spaced 15 feet 
centre to centre across the bridge. 

The main girders are 12 feet 6 inches effective depth, and 
the cross-girders are 2 feet deep. The method of connecting 
the cross-girders to the main girders, and the cables, and 

* North Sydney Saspension Bridge. Engineers, J. E. F. Coyle and the author. 
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the sections of these girders are sufficiently illustrated in 
Plates Via, Vli. 

Caloulatioiii. — The total dead load, including cables, girders, 
deck, bracing, handrails, etc., on central span is 0'93 ton per 
lineal foot. 

The live load for a crowd of people, at 40 lbs. per square 
foot of deck, is 0*50 ton per lineal foot. 

The live load for a tram motor and three loaded cars is 
equivalent to a load of say 0*5 ton per foot run over 150 feet. 

The cables must be strong enough to carry the total live 
load of 0*98 + 0*5 = 1-43 ton per foot lineal ; say 1*5 ton. 



Stress in centre = ,, «« .^ = 1218 tons 

8 X 38-5 

*0 

Stress at towers = ^875' + 1218"' = 1276 tons 

Hence the maximum intensity of working stress in the 
cables is — 

1275 ^^^^ 

-r— = 15*2 tons per square mch 

o4 

or a factor of safety of — = 6*58 

This factor of safety will be slightly reduced by a fall in 
temperature, which diminishes the central deflection, and 
increased by a rise in temperature. 

It can easily be shown, by equating the moment of resistance 
of the hollow steel girders at the anchorages with the bending 
moment produced by the maximum pull on the cables, that the 
sizes mentioned are sufficient for their purpose. 

Again, the stability of the towers against a wind pressure of 
80 lbs. per foot can easily be shown to be ample. 

The stiffening girders receive their maximum stresses during 

the passage of a tram motor with three loaded cars, and, as the 

tram line is shown on one side, so as to leave room for a 

^, carriage way on the other, the stiffening girder nearest the 

centre of the tram line will receive twice as great a load as the 
other. 

Let a = the distance from the central hinge to the point 
^ where the bending moment is a maximum. 

I = the half-span. 
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Let Wi = the equivalent distributed live load per foot run, 

which will produce the maximum stresses in the 

stiffening girder. 

Then the greatest bending moment producing stresses in the 

booms of the stiffening girder which alternate between tension 

and an equal compression is — 



M 



, a{l- a)/ a \ 



The stresses and areas may be tabulated thus — 

Table LXXXIX. 











Area required !:i booms in 


Distance a firom 
central hinge 


M. 
Foot-tons. 


stress in booms. 
Tons. 


Total aiea re- 
quired in booms in 
square inches. 


square inches. 


in feet. 














Girder A. 


Girder B. 


. 








- 
0-0 


17 


14-25 


25 


739 


59 


19-6 


28 


14-25 


50 


1363 


101 


33-7 


42 


2100 


75 


1856 


149 


49-6 


42 


" 2100 


100 


2188 


175 


58-5 


42 


2100 


125 


2344 


188 


62-7 


42 


2100 


150 


2308 


185 


61-6 


42 


21-00 


175 


2066 


157 


52-3 


42 


2100 


200 


1607 


129 


430 


42 


2100 


225 


922 


74 


24*6 


28 


14-25 


250 








0-0 


17 


14-25 



The working stress is taken as 8 tons^ because the stresses 
alternate between tension and an equal compression in conse- 
quence of the maximum bending moment acting upwards and 
downwards. 

Shearing Stresses. — Let a single weight W act at any point 
situated at a distance y from the left support. Let x denote 
any distance from the left support less than y. The reaction at 
the left support is — 

W(2Z - y) 
21 

In consequence of the assumed rigidity of the truss and the 
parabolic curve of the cables^ the upward pull upon the girders 

is —j^ per unit of the length. 

2 B 
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The shearing stress at any point between the left-hand sup- 
port and W is — 

W(2Z - y) Wyx 



2Z 



= S 



If Wi denote the load per unit of length distributed over 
a distance y from the left support^ then the equation of shearing 
stress becomes — 



21 



V 2/ 2P 



Let the live load of half a ton per foot run be distributed 
over 150 feet of the bridge, extending uniformly from the left 
abutment, the remaindet of the bridge being unloaded with the 
live load. Then the maximum shearing stress will occur at the 
first bay from the left tower — 

160 

(500 - 75) = 63-75 tons 



2 X 500 
The equation of shearing stress becomes — 

S = 63-75 - 0-09aj. 
The maximum stress in the end diagonals is therefore — 

63-75 X 1-414 = 90-14 tons 

Hence, if the working stress is 6 tons per square inch, the 
area required is — — = 15-02 square inches. 

The stresses in the diagonals are always tensile, one 
diagonal acting when the right-hand girder is loaded, the other 
diagonal acting when the left-hand girder is loaded. 

It is clear, from the above equation, that the shearing stress 
diminishes slowly from the left support ; consequently the 
diagonals should not be reduced towards the centre to the same 
extent as in ordinary lattice or truss girders. 

Again, for a moving load extending over a given distance the 
maximum stress will be produced in the left end panels, when 
the load extends from the left. If the load moves towards the 
centre, the shearing stress becomes smaller. 

For a moving load of half a ton per foot, distributed over the 
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left 250 feet, the remainder of the bridge being unloaded, the 
equation of shearing stress becomes — 

S = I X 250 - 7 = 93-75 - 7 

The maximum stress in the end diagonals is — 

93-75 X 1-414 = 131-6 tons. 
And the area required is — 

131-6 



6 



= 21*9 square inches 



The vertical compression members consist of four angles 
arranged in a rectangular form. 

The maximum stress in the end columns is — 

12*5 
93-75 - -— = 90-63 tons 
4 

And since the stress is compressive, the working stress should 
be 4 tons, allowing for the slight tendency to buckle laterally. 
The area required is therefore — 

90*63 

— - — = 22-66 square inches 

The actual sections provided in the bridge are sufficiently 
illustrated in Plates VI., Via, and VI6. 

Stresses in the Cross-Oirders. — The longitudinal stiffening 
girders distribute the loads from the driving wheels of the tram 
motor over two or more cross-girders, and equalize the tensile 
stresses on the suspension rods, so that the live load upon the 
cross-girders must be considered in regard to the load upon the 
tram line estimated at half a ton per foot run, and the crowd of 
people estimated at 40 lbs. per square foot of the deck not 
occupied by the tram. The dead load consists of the weight of 
the deck floor, handrailing, longitudinal timber beams, portion 
of stiffening girders, and cross-girder. 

It may be shown that the maximum vertical pull on any 
suspension rod is about 11 tons, and the stress in the rod about 
11^ tons. The suspension rods are 2 inches in diameter, and 
the effective area of the two bolts passing through the clips on 
the cables should be equal to that of the suspension rods. 

It may also be shown that the maximum intensity of working 
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stress in the tension flange of the cross-girder shown in Plate Ylb. 
is 6 tons per square inch. 

Wind Bracing. — The maximum wind pressure over the whole 
bridge at 80 lbs. per square foot acts horizontally over a 
surface equivalent to 500 feet x 15 feet = 7500 square feet in the 
centre span, and 2250 and 1875 square feet in the side spans. 
The total force in the central span is 7500 x 30 = 225,000 
lbs., or say 100 tons. Since there are forty bays, the apex loads 
are 2^^ tons. 

The wind pressure is resisted partly by the cables and deck, 
and partly by the wind bracing between the cross-girders and 
main girders. If 1^ ton is supposed to act at points along the 
top booms of the stiffening girder corresponding with the positions 
of the cross-girders, it will be found that the maximum stress in 
the end diagonals is 30 tons. The remaining stresses may be 
found in the same manner as in an ordinary lattice girder. 

The cross-girders act as struts, and the double system of 
diagonal bracing will never act at the same time ; one system 
will always be slack. 

The remaining 1-ton apex load may well be left for the 
cables and the continuous deck of tallow-wood timber. This 
bridge is designed for light traffic, such as a horse tramway, 
which may be replaced by an electric tramway, and the live 
loads assumed in the foregoing calculations are greatly in excess 
of what is expected to pass over it. It is certainly not strong 
enough for ordinary town traffic. It should be regarded as a 
bridge of the minimum strength necessary to carry light traffic, 
such as that referred to, over a long span. 

A three-hinged or two-hinged arched bridge would have 
been equally suitable for the site, and would have worked out 
quite as economically. 
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American truss bridge, caloalation of 
wind stresfles in, 289 

, example of design for, 276 

, order of procedure in design for, 

276 

— , skeleton isometric projection of, 
277 

Angle bars, mazimam sizes of, 200 

Angle brackets in trass bridge, calcula- 
tion of stresses in, 295 

Angle-iron joints, 217 

Arched rib, approximate equation for 
deflection of, 386 

, correct form of, 334 

, depth of, 342 

• economy of, 333 

f theory of two-hinged and without 

hinges, 335 

Arched rib hinged at the springing, 839 

f approximate formula for tempera- 
ture stresses in, 344 

, deflection polygon due to tempera- 
ture stresses in, 345 

, deflection polygon for, 338 

, determination of stresses in mem- 
bers of, 842 

, example of determination of equi- 
librium polygon for, 338 

, temperature stresses in, 343 

• , Winkler's formula for calculating 

horizontal thrust in, 341 

Arched ribs with fixed ends, determina- 
tion of equilibrium polygon for, 846 

, example of determination of de- 
flection polygon for, 348 

— , example of determination of equi- 
librium polygon for, 348 

— — , proof of equation of moments for, 
347 

, temperature stresses in, 350 

X Winkler's formula for location of 

closing line in equilibrium polygon 
for, 350 



Arched rib, three-hinged, action of 
bending moment on, 360 • 

, calculation of horizontal thrust 

and vertical reactions in, 351 

, example of complete design for, 

354 

, formula for columns in, 357 

, formula for stresses due to hori- 
zontal thrust and vertical reactions 
in, 358 

, variation in temperature in, 352 

Autographic stress-strain apparatus, 5 

Axles, test for railway, 9 
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Bars, arrangements of rivets in connec- 
tions of bracing, 219 
— , bracing, connection of to booms, 

218 
, eye, hammered and hydraulic 

forged, 221 
, maximum sizes of angle, T, flat, 

round, and square, 200 
, relative cost of various rolled, 

200 
Bauschinger's endurance tests, 17 
Beams of uniform strength, general 

equation of slope and deflection for, 

151. See also Fixed Beams 
Bending moment, action of, in arched 

rib, 835, 360 

, definition of, in beams, 37 

, diagrams of, for continuous girders, 

66-174 

, maximum, in Fidler's arch, 358 

— , method of finding maximum, in 

truss bridges, 257 

on pins and braced structures, 223 

— , relation between shearing stress 

and, 59 
Bolts, common and rag, 203 
, experiments by United States 

Government on resistance of, 105 
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Bolts, formula for allowable stress in 

maohino, 203 

in timber viadacts, 102 

, strength of, 202 

, working stress in, 202 

Booms in braced girders, 218 

in oontinaons girders, 248 

Bowstring girder, caloulation of stresses 

in, 118 
Braced girders with parallel flanges, 

SDbjeoted to dead load, 122 
— , sabjected to live load, 127 
Braoed piers. See Piers 
Braced stmctures, stresses in, 87 
Bracing bars. See Babs 
Bressnmmor beam, oontinaons, loaded 

with concentrated loads, 173 
Broad Street Railway Station roof, 

London, joints in, 226 
Backling stress, Rankine and Gordon's 

formula for, 239-243 
, Theodore Cooper's formala for, 

240 



C 



Camber of girder, formula for, 166 
Cannon Street Railway Station roof, 

London, joints in, 228 
Cantilever bridges, 176 

, advantages of, 177 

, smallest span of, 177 
Captain Ead's arch, 352 
ast iron, compressive strength of, 10 

, fixing of beams of, 163 

, modulus of elasticity of, 9 

, moment of resistance of girders 

of, 71 
-, shearing strength of, 10 



— , specification for, 10 
— , specific gravity of, 10 
-, tenacity of, 10 



, ultimate resistance of, in girder- 
work, 72 
Coefficient of elasticity, 4 
Columns, long, action of eccentric load- 
ing in, 182 

, crushing strength of, 184 

, Enler's formula for, 179 

, formulae for, in fireproof build- 
ings, 188 

, Gordon's formula for, 187 

, graphic representation of strength 

of, 181, 183 

, Hodgkinson's formulsB for, 185 

, in arches, formula for, 357 

, modulus of elasticity in, 188 

, Mr. C lax ton Fidler's formula for 

eccentric loading, 182 
, Rankine's formula for, 186 



Columns, long, results of tests on full- 
sized, 189 
, straight-line formulae for, in com- 
pression members of bridges, 197 
, table of strengths of round-ended, 

184 
1 table of strengths of, with fixed 

ends, 184 
, Theodore Cooper's formule for, 

196 

y timber, 25, 185 

Columns, short, strength of, 178 

, with central loading, 178 

, with eccentric loading, 178 

Composite structures, trusses used for, 

132 
Compound beam, example of, in timber 

railway viaduct, 92 
, method of calculating wedges and 

bolts in, 101 
, road bridges in New South Wales 

span of, 87 
Concentrated load system, 249, 266 
Continuity of main girders in swing 

bridges, 328 
Continuous decks, breaking weights of, 

236 

^ examples of, 236 

Continuous girder, booms in, 248 

1 conditions for use of, 166 

, definition of, 165 

i diagrams of bending moments and 

shearing stresses in, 166 
, diagrams of maxima bending 

moments and shearing stresses in, 

172 

, economy of, 176 

equation of three moments for, 



166, 173 

— , example of, Bressummer beam, 173 
— , example of caloulation of bending 
moments and shearing stresses in 
railway bridge, 168 
— , example of complete design of 
road bridge, 305 

— , mechanical fixing of point of con* 
traflexure in, 176 

— , shearing stress due to live load in, 
173 

— , summary of methods of calcula- 
tion of stresses in, 172, 173 
-, working stress near points of oon- 






traflexure in, 172 
Con traflexure, points of, 168, 161, 166, 

169, 174 

, in continuous girder, 167 

, mechanical fixing of, 176 

Corbels in timber road bridges, sizes of, 

90 
Cotter, 205 
Counterbraces, 145 
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Oonnterbraoes in polygonal girders, 145 

in timber trasses, 145 

Cover-plates, single and doable, 216 
Crane, stresses in, 115 
Creosoted timber, in trestles, 106 
, Mr. Wolcott C. Foster's specifioa- 

tion for, 106 

, piles of, 106 

Greoeoting timber, method of, 31 
Cross-girders, as fixed beams, 164 
, formula for maximum reaction of 

longitudinals on, 254 
1 table of weights of, in girder 

bridges, 247, 248 
, Unwin's formula for weight of, 

245 
Crowd of people, weight of, on bridges, 

246 
Crushing strength of iron and steel 

joints, 211 
Culman's principle, 34 
, applied to arch rib, 334 



Deck, advantages of American, 94 

, American, 91 

^ breaking weights of continuous, 

236 

, continuous, 236 

y open, 91 

, strength of American, 93 

, weights of, 235, 244 

Deflection of beams, 164 

, in plate web and lattice girders, 

154 



, in railway bridges, examples of, 

136 
— -, of plate web girder bridge with 

single line of railway, examples of, 

166 
Deflection, of fixed beams, 158 
, of lattice girder bridge with 

double web and trough-shaped booms 

under stationary and moving loads, 

.example of, 157 

, of swing bridges, 160 

» polygon for arched rib, 339, 346, 

849. See also Slope 
Drift bolts, 105 
Drifting in riveted work, 207 
Duchemin's formula for wind pressure, 

285 
Dynamic efiTeot of live load on bridges, 

20 



E 



Eccentric loading on short columns, 
178 



Eccentric loading on long columns, 

178 
Eiffel tower, stresses in, 303 
Elasticity, coefficient of, 4 

, limit of, 3 

, modulus of, 4 

, , in long columns, 183 

, , in riveted girders, 166 

Endurance tests, Bauschinger's, 17 

Engine excess, 250 

Engine loads, 251 

Equilibrium polygon, 33 

— , applied to arched rib, 334, 338, 

346,348 
, form of, polygon for different 

systems of loading, 334 
Equivalent uniformly distributed loads, 

260-254 

, for some American engines, 252 

, Sir B. Baker's estimate of, 250 

, table of, as given by Professor 

Waddell for plate web girders, 253 

, , for pratt trusses, 254 

Euler's formul» for columns, 179 
Extension of test-piece, general and 

local, 8 
Eye-bars, 221 



P 



Factor of safety, 15 

Fatigue in materials, 16-22 

Fidler's arch, 352 

, maximum bending moment in, 353 

— , stresses in, 352 

Fixed beams, bending-moment diagrams 
for, 15^163 

, cross-girders as, 164 

, definition of, 157 

, deflection of, 160 

, of cast iron, 163 

, of timber, 164 

1 of wrought iron, 164 

, shearing stress in, 159-161 

, strength and stiffness of, 163 

Fixing of point of contraflexure in con- 
tinuous girders, 176 

Flood opening constructed with rolled 
girders, 106 

Floor of bridge, design for, 237 

Force polygon, 33 

Forth bridge, 177 

Framed trestles, 98 

Funicular polygon, 34 
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Gerber^s parabola, 17 
Gib-and-cotter joint, 205 
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Oirdera, table of siaea of timlMr, 97 

, weiKhU of, 246 

Gordon's formal^ for oalminw, 187 
Graphical static^ 40 

-, example of, in oommon roof tmM, 



dead load in 



40, 111, 118 
— , ■ , for lire and 

bowstrinf^ gilder, 142 

— , , in arched rib, 3S9, 346 

— , , in braced girders, 127 

— y , in crane, 116 



-, poljgonal roof truss, 118 
-, roof trasses, 116 
, with parallel flanges, 127 



Group joint, 214 

, adrantages of, 216 

1 examples of, 214 



I 



pies of , 134^ 1S6 
>, example of deflection in, 167 
, fcrmnla for weight of, 246 
■, method of caloalating stresses in. 



122 

Laonhardt^s formnla, 18 

Lime Street Bailwaj Station roof, Liver- 
pool, joints in, 227 

Limit of elasticitj, 3 

Linrille tmss, 132 

Lire loads on bridges, Mr. T. Gooper^s 
recommendations for, 246 

prodnced bj traction engine, 240. 

8w also Engixs Loads 

Load, dead, upon roofs. See Boofs 

Long colnmns. See Columns 



Harlem river bridge, 837 
Hodgkinson's formats for colomns, 186 
Howe tmss, 126 
Hotton's fonnnla for wind pressure, 286 



Inertia, moment of, 66 

Infl<*xion, point of. See Contbaflkxubi 

Initial tension in rods, 293 

in sway bracing, 296 

Iron roofs, joints in, 224 
Isometric projection of American tmss 
bridge, 277 



Joints between bracing bars and booms, 

218 

, economy in construction of, 216 

, general remarks on, 209 

, gib-and -cotter, 206 

, group, 212 

in angle irons, 217 

in flanges and webs of girders, 

209 
in iron and steel, crushing stress 

in, 212 

in iron roofs, 224 

, riveted. See Bitbt 

, timber, 229 

Janction Station roof, Bristol, joints in, 

230 



Kentucky bridge, 176 

Einzua Tiadnot, stresses in, 298 



Machine riveting, 207 

Main girders, effect of fixing cross, 
girders to, 164 

, weights of, rules for, 246 

, , table of, 247 

Method of momenta. See Method of 
Sections 

Method of sections, calculation of 
stresses in braced structures by, 37 

'-—' applied to bowstring girder, 139 

polygonal girder, 143 

Modulus of eKsticity. See ELAfiTicm 

Modulus deduced from tensile strength, 
66 

of rupture, 27 

of timber in bridges, 28 

Modolos of section, 73 

of rolled iron and 8teelgirder8,77-80 

Moment, bending. See Bendxno Mo- 
ment 

of a force (definition), 87 

Moment of inertia for rectangular 
sections, 66 

■ for symmetrical sections, 67 

for unsymmetrical sections, 67 

Moment obtained graphically, 78 

of built girders, 69 

of cast-iron girders, 70 

of resistance, 62 



N 



Neutral layer, 48 



Piers, braced, 298 

, stresses due to wind in braoed, 

299 
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Pierg, total and maximnm stresses in 

braced, 801 
Pile trestles, timber, 98 

, bearing power of, 100 

, driving, 99 

of creosoted timber, 106 

, standard trestle of Chicago, Mil- 
waukee, and St. Paal Railroad, 

97 
, standard trestle of Toledo, St. 

Loais and Kansas Oity Bailroad, 

95 
Pins in braced stmctnres, bending 

moment on, 223 

, sizes of, 222 

Plates, maximum sizes of iron and 

steel, 197 
Plate web girder, deflection in, 156 
, example of, bridge for simple line 

of railway, 259 

» > for double line of railway, 

266 

Point of contraflexure. Bea Contra- 

FLEXUBE 

Polygonal girder for timber bridge, 
145 

for iron bridge, 145 

roof truss, 118 

Portal bracing of trass bridges, 294 

Poughkeepsie bridge, 176 

Pratt truss, 125 

Preservation of timber, 31 

Primitive strength, 16 t 

Panchingriyet-holes, 207 | 

, objections to, 207 

Purlin, 108 



R 

Railway, axles, test for, 9 

viaduct timber, 90 

, compound beam, 92 

Ram, method of attaching driving, 99 

, weight of, for pile-driving, 99 

Rankine and Gordon's formula for 

buckling stress in plate web flrirders. 

239 

Rankine's formula for columns, 186 
Reciprocal figures. See Graphical 

Statics 
Redundant structures, 40 
Resistance, moment of. £fe6 Moment 
Riveted girders, modulus of elasticity 

in, 156 
, joints, ratio of rivet to plate area 

in, 213 

, modes of failure of, 212. 5ee also 

Joints 
Riveting, machine and hand, 207 
Rivets, detection of loose, 208 
, in single and double shear, 209 



Rivets, shearing and tensile strength of 
material in, 11, 15, 211 

» size of, 208 

Road bridge, continuous girder, 305 

, timber, 87 

Roofs, dead load upon, 108 

, joints in iron, 224 

, table of approximate loads on, 110 

, — weights of coverings, 109 

, weight of snow upon, 110 

, weights of some well-known, 110 

Roof trusses, stresses in, 40, 111 
Rupture, modulus of. See Modulus 



S 



Screw coupling, union, 204 
Screw threads, Seller's, 201 



square, 201 
-, table of Whitworth, 202 



Screwed rods, allowable working stress 



in, 203 



-, strength of, 203 
Section, moKlulus of, 73 
Sections, method of, for calculating 

stresses in braced structures. Bee 

Methods of Sections 
Shearing stress, diagrams of, 45^61 
— , distribution of, 82 

in beams, 44 

in continuous girders, 166-175 

in fixed beams, 159-164 

produced by live loads, 53 

, relation between bending moment 

and, 59 
Short columns* 178 

Slope and deflection, equations of, 148 
expressed in terms of maximum 

intensity of working stress, 150 
', formulse for, 149 



in beams of uniform section fixed 
at both ends and loaded in the centre, 
160 

in beams of uniform section fixed 



at both ends and loaded uniformly, 162 

— in beams of uniform section sup- 
ported at one end and fixed at the 
other, and loaded in the centre, 162 

— in beams of uniform section sup- 
ported at one end and fixed at the 
other, and loaded uniformly, 163 

— in beams of uniform strength, 153 

— in rectangular beams, formula for, 
150 

— of beam supported at both ends 
and loaded uniformly, 148 

of beams under loads developing 



a known intensity of stress, 154 

— of cantilever loaded at extremity, 

148 
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Slope aod dafleotion, table of maiima 
•lopee and defleotiona for beams of 
uniJForm leotion, 148 

Smith's work in girders, 201 

Snow, weight of, 109 

Spikes, 106 

St. David's Station roof, Exeter, joints 
in, 229 

St. Loais bridge, 886 

Statical strength, 16 

Steel, breaking strength of, 3 

, limit of elasticity of, 8 

•^— , modnlas of mptore of, 65 

, strength of wire rope, 366 

, table of strengths of girders, 

77-ao 

, table of ultimate and elastio 

strengths and ooelBoients of elasticity 
of, 11 ^ 

— ;-, tests for, 14 

Stiffeners in webs of girders, 240-243 

Straight-line formnlsB for compression 

members of bridges, 197 
Strain, definition of, 1 
Stringers, sizes of timber, in Peons jl. 

▼ania Raiboad, 97 

, constmotion of, 97 

, design of, 98 

, method of connecting timber, 97 

Snbdirision and snperposition, method 

of oaloalating stresses in girders with 

multiple Bjstem of triangolation by, 

131 

Suspension bridge, 865 

, action of stiffening girder in, 366 

i equation of bending moments in 

stiffening girder in, 366 
1 example of complete design of 

stiffened, 367 

, stiffened, 365 

Sway bracing, calculation of stresses in, 

291 

for bridge carrying double line of 

way, inrestigation of stresses in, 296 

— , formula for working stresses for 
struts in, 197, 294 

, initial tension in, 298 

, in timber trestle piers, 304 

, in timber trestles, 304 

Swing bridges, classifloation of, 323 

, continuity of main girders in, 328 

, designs for, 329 

, distribution of weight in, 325, 327 

, end deflection in, 329 

entirely supported on a central 

pivot, examples of, 326 

, Mr. T. Cooper's rule for working 

stresses in, 328 

, Newcastle, 328 

partly supported on a centre- 
bearing turn-table, examples of, 824 



Swing bridges supported on rin-bearing 
turn-tables, examples of, 824 
, weight of moving portioa ofy 328 
, working stresses in, 828 



T-bara, maximum sixes of^ 200 

Temperature strsoaes in arched rib« 344, 
350 

Test specimens, sise and shape of, 3 

Testing machine, 2 

Three moments, equation of, 166 

Timber, Australian, 26 

i compressive strength and elas- 
ticity of, 24 

, creosoted, 81, 106 

^ durability of, 81 

, example of railway viadnot, 90-99 

, factor of safety for, 89 

, fixing ends of beams of, 31, 164 

1 formula for breaking strength of 

columns of, 24-26, 185 
-, general remarks on testing, 23 



^ in bridges and viaducts, modoins 

of rupture of, 89, 95, 98 
, modulus of oompreesive elasticity 

of Australian, 26 

y painting, 105 

, preservation of, 81 

, Professor Lansa's tests on, 80 

, shearing strength of, 27 

, sway bracing in trestle piers, 804 

, tables of sises of timber corbels 

and girders for road bridges, 90 
y transverse strength and elaaticity 

of, 28 

trestle piers, 304 

trestles, 95-99, 304 

trusses, 182 . 

, working strength of, 31, 89, 95, 98 

Traction engine, loads produced by, 249 
Trestle piers. S^t Pikbs 
Trestles, timber, 95-98, 804 

U 

Uniform strength, beams of, 151 
Uniformly distributed load, equivalent. 

See EQUIVALENT 
Union screws, 204 
Unwin's formula for weights of stringers 

and oross-girders and main girders of 

plate and lattice webs, 245 



Viaduct, timber railway, 90 
Vibrating atrength, 16 
Volonteer'a driU shed. Port Elizabeth, 
joints in roof of, 225 
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Warren girder, determiDationof stresaeB 
in, 122, 125 

Washers in timber bridges and Tiadnots, 
105 

Wedges in componnd beam, 101, 103 

Welding in girder-work, 201 

Weyranch's formula, 19 

Whitworth screw threads, table of, 202 

Wind bracing, intensity of stress in, 289 

Wind pressure, British Board of Trade 
mles for, 287 

, calculation of stresses dae to, in 

truss bridge, 289 

dednccid from anemometer experi- 
ments, 287 

, Duchemin's formula for, 285 

, estimation of, on bridges, 289 

, experiments of Sir B. Baker on, 

286 

, Hutton's formula for, 286 

, normal pressure on inclined sur- 
face, 285 

on braced piers, towers, etc., 288 

on high chimneys, 287 

on railway Tehioles, 288 



Wind pressure, published information 

on, 285 
, Smeaton's formula for deducing, 

from velocity, 287 
, stresses due to, in Forth Bridge, 

287 
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Harcourt, M.InstC.E., Professor of Civil Engineering at University 
College. [In preparation. 

ENGINEERING, STRENGTH OF MATERIALS, &c. 

AlfD£BSON~-The Strength of Materials and Structures : the Strength 
of Materials as depending on their Quality and as ascertained by 
Testing Apparatus. By Sir J. Anderson, C.E., LL.D., F.R.S.E. 
With 66 Woodcuts. Fcp. 8vo. 3«. Gd. 

BARRY— Railway Appliances: a Description of Details of Bailway 
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F.R,S., M.I.C.E. 28 Plates. Fcp. folio. As, ed, in case. 



MINERALOGY, METALLURGY, &c- 

BAUEBMAN— Works by Hilabt Bauerman, F.G.S. 
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Bv Arnold Lupton, M.I.C.E., F.G.S. , etc., Mining Engineer, Professor 
of Coal Mining at the Victoria University, Yorkshire College, Leeda 

With 696 Illustrations. . Crown 8vo. 9«. net 

« 

MITCHELL — A Manual of Practical Assaying. By John Mitchell, 
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LOW— An Introduction to Machine Drawing and Design. By David 
Allan Low, Headmaster of the Technical School, People's Palace, 
London. With 97 Illustrations and Diagrams. Crown 8vo. 2<. 

UKWIN— The Elements of Machine Design, ^y W. Oawthobns 
Unwin, F.R.S., Pait I. General Principles, Fastenings and Trans- 
missive Machinery. With 304 Diagrams, &c. Crown 8vo. 6<. Part 11. 
Chiefly on Engine Details. With 174 Woodcuts. Crown 8vo. 4«. 6(i. 



ASTRONOMY, NAVIGATION, &c 

BALL— Works by Sir Robert S. Ball, LL.D., F.R.S. 
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TOR, E. Clodd, A. Wiiisox, T. Foster 
and A. C. Rantard. Cr. Svo. 5s. 

Lessons in Elementaxr Astro- 
nomy ; with Hints for Young Tele- 
scopists. With 47 Woodcuts. Fcp. 
Svo. Is. ^. 



Scientific Works published by Longmans^ Green y <S» Co. 1 7 

MANUFACTURES, TECHNOLOGY, &c. 

ARNOLD— Steel Mannfactiire. By J. O. Arnold. \ln prepanUion, 

LUPTON— Mining : an Elementary Treatise on the Cfetting- of Minerals. 
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Watts, F.C.S., F.LC, Assoc. Mason Coll., Birmingham, and Govern- 
ment Chemist, Antigua, West Indies. With 20 Illustrations. Crown 
8vo. 6s, 



PHYSIOGRAPHY AND GEOLOGY. 

BIBD — Wor^s hy Charles Bird, B.A., F.Q.S., Head-master of the 
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, Percy Frankland. 8vo. 16«. net. 

NOTTER— Hygriene. By J. Lane Notter, M.A., M.D. (Dublin), Fellow 
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